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Baker’s  yeast  has  been  widely  used  for  asymmetric  synthesis  of  alcohols.  When  a 
single  enzyme  dominates  the  reduction  of  a particular  substrate,  whole  yeast  cells  can 
provide  the  chiral  alcohol  in  high  optical  purity.  In  many  cases,  however,  multiple 
enzymes  with  opposing  stereoselectivities  arc  involved,  thereby  diminishing  the  optical 
purity  of  the  product.  This  problem  has  restricted  the  utility  of  baker's  yeast  for  the 
stereoselective  synthesis  of  P-hydroxy  esters  and  o-substitulcd  P-hydroxy  esters. 

Isolated  yeast  P-kcto  ester  reductases  provide  highly  stereoselective  biocatalysts: 
however,  their  utility  is  hampered  by  the  need  for  enzyme  isolation  and  cofactor 
regeneration.  On  the  other  hand,  whole  cells  of  baker's  yeast  provide  a very  handy  and 
inexpensive  reagent,  but  one  that  often  exhibits  incomplete  stereoselectivity  for 
reductions  of  these  substrates.  The  optimal  biocatalytic  solution  to  production  of  p- 


hydroxy  esters  would  be  one  dial  combines  the  advantages  of  tile  isolaicd  enzymes  wiih 
(hose  of  the  whole  cell  system.  The  goal  of  this  project  has  been  to  engineer  yeast  strains 
that  mirror  the  stereoselectivities  of  the  individual  reductases. 

In  this  work,  the  stereoselectivities  of  baker's  yeast-catalyzed  reductions  of  p-kcto 
esters  were  manipulated  by  genede  design  of  yeast  strains.  Strains  in  which  three  P-kcto 
ester  reductases  were  either  knocked  out  or  over-expressed  have  been  constructed.  These 
first-generation  strains  provided  good  improvements  in  stereoselectivity:  however, 
incomplete  stcrcosclecdvity  was  still  a common  outcome  of  the  reactions.  In  order  to 
achieve  higher  levels  of  diastereo-  and  enantiosclectivides.  strains  combining  over- 
expression and  knock  out  strategics  were  designed.  These  second-generation  strains 
resulted  in  better  improvements  in  the  stereoselectivity.  One  of  these  strains  furnished  5- 
alcohols  in  > 98  % enantiomeric  excess  for  all  the  tested  ketones,  nicely  illustrating  the 
potential  of  the  engineered  yeast  strategy.  In  addition,  other  yeast  strains  selectively 
afforded  the  optically  pure  syn  and  ami  diastereomers  from  reductions  of  appropriate  |i- 
keto  esters. 

These  studies  constitute  the  first  lime  that  a logical  approach  has  been  used  to 
improve  stereoselectivity  in  baker's  yeast  reductions  and  provided  comparable  or  better 
improvements  than  those  obtained  with  previous  methodologies.  The  results  obtained 
during  this  work  also  uncovered  the  participation  of  additional  yeast  reductases  in 
reductions  of  p-kcto  esters.  Some  of  these  enzymes  were  identified  based  on  their 
homology  with  known  reductases  and  expressed  in  Escherichia  coli.  Whole  cells  of  these 
engineered  £,  coli  strains  also  acted  as  useful  biocatalysts  for  the  stereoselective 
reductions  of  p-kcto  esters. 


CHAPTER  1 

BACKGROUND  AND  INTRODUCTION 
CWwliiY  'n  Pmnjc  SvmhwiE 

Chirality  plays  a major  role  in  molecular  recognition  since  living  systems  interact 
with  stereoisomers  in  decisively  different  manners.  Drug  synthesis  strategies  have  been 
greatly  affected  by  the  control  of  chirality  and  examples  of  chiral  drugs  with  one 
enantiomer  being  harmful  to  the  human  body  are  well  known  (Figure  1 - 1 ). 1 The  classic 
and  most  tragic  example  is  thalidomide,  a sedative  administered  as  a racemate  to  prevent 
nausea  during  pregnancy.  At  the  time,  it  was  not  known  that  the  pharmacological  activity 
resides  in  the  ( R ) enantiomer  (5)  while  the  ( S ) counterpart  (6)  is  teratogenic.2-1  These 
examples  have  raised  concerns  related  to  the  use  of  racemic  drugs:  consequently,  current 
practice  is  geared  towards  the  synthesis  of  optically  pure  materials  in  preference  to 
racemates.  This  has  led  to  on  increased  need  forenatiopure  compounds  and  driven  the 
development  of  methodologies  for  controlling  chirality.  , 

First-genorauon  cnatiosclccuve  syntheses  relied  cither  on  the  transformation  or 
denvauzauon  of  readily  available  members  of  the  chiral  pool  - natural  products  such  as 
amino  acids,  tcrpencs.  carbohydrates,  alkaloids,  etc.  AS-  0r  resolution  of  racemates.  Later 
efforts  have  focussed  on  increasing  the  access  to  onantiomerically  pure  compounds  from 
prochiral  precursors.3*6  These  efforts  have  provided  a group  of  chemical  as  well  as 
biological  processes  that  make  a variety  of  optically  active  building  blocks  available  for 


Figure  I - 1 . Biological  cffccls  of  some  drug  i 


asymmetric  tOial  syntheses.  Current  work  in  this  field  is  aimed  al  achieving  heller 
stercoseleclivity,  higher  catalytic  efficiencies,  and  more  environmentally  friendly 
methodologies,  as  well  as  increasing  the  diversity  of  available  chiral  starting  materials. 
Because  chiral  alcohols  are  a particularly  valuable  class  of  chiral  starting  materials,  a 
great  deal  of  effort  has  been  made  to  provide  these  synthons  and  they  have  been  the  focus 
of  this  work. 
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Optically  active  alcohols  and  hydroxy  esters  constitute  a particularly  versatile 
class  of  chiral  building  blocks  since  a wide  variety  of  further  chemical  derivatizaiions  arc 
possible.!**7  A broad  array  of  natural  and  unnatural  products  has  been  synthesized  from 
chiral  alcohols  in  recent  years.6  Chiral  (1-hydroxy  esters  have  also  been  used  for  total 
synthesis  of  natural  products.7*9  among  those  the  preparation  of  several  optically  active 
pheromones  as  those  presented  in  Figure  1-2  (7-13)  have  been  reported  These  chiral 


examples  ate  shown  in  Figure  1-2.  Carnitine  (15).  used  in  the  treatment  of  bean  disease, 
and  GABOB  ( 16).  an  antipilcptic  drug,  can  be  synthesized  from  a common  chiral  chloro 
hydroxy  ester.16*19  In  addition,  chiral  p-hydroxy  esters  have  also  been  used  for  the 
synthesis  of  several  antibiotics  like  the  polioxomacrolide  derivatives.70  p-lactam 
antibiotics,6*9  and  griseoviridin.  a member  of  the  stieptogramin  antibiotic  family.- 





R = CH3:  Carnitine  (15) 
R = H:  GABOB  (16) 


Figure  1-2.  Applications  of  chiral  p-hydroxy  esters  in  asymmetric  synthesis. 


Synthesis  of  Chiral  B-Hvdroxv  Esters:  Chemical  Melhodoloci 


Attempts  to  develop  practical  routes  to  chiral  P-hydroxy  esters  have  explored  both 
chemical  and  biological  strategies  and  these  will  be  considered  separately.  Chemical 
methods  for  synthesis  of  these  compounds  arc  summarized  in  Figure  I -3.  The  most 
common  strategy  involves  asymmetric  reduction  of  [1-keto  esters.  Although  the  use  of 
simple  borohydride  reagents  such  as  NaBHj  or  LAH  has  not  proven  useful,  modifications 
to  increase  the  stereoselectivities  of  these  processes  have  been  developed. 

Hydrogenations  using  Ru-based  catalysts  have  also  been  very  successful  for  the  synthesis 
of  several  p-hydroxy  esters.  Despite  success  in  delivering  a-unsubstituted  P-hydroxy 
esters,  few  methods  have  been  reported  for  the  synthesis  of  chiral  a-substituted  p- 
hydroxy  esters.  This  is  unfortunate  since  these  synthons  arc  of  particular  interest  for  their 
densely  packed  functionality  with  two  stereocentets.  Chemical  strategies  for  these 
building  blocks  have  included  aldol  condensations  and  stereoselective  alkylations  of  p- 
hydroxy  esters.  Although  some  successful  applications  have  been  reported,  a general 
route  to  this  class  of  compounds  remains  to  be  developed. 


Methodology 


- few  p-hydroxy  esters 


- few  a-alkyl  P-hydroxy 


Aldol  condensation 


a-melhyl  p-hydroxy  esters 


Stereoselective  alkylation 
ofP-hydroxyeslcrs 


ct-alkyl  P-hydroxy  esters 
with  arm  configuration 


Figure  1-3.  Chemical  mediods  for  the  synthesis  of  chiral  P-hydroxy  esters  and  a-alkyl  p- 
hydroxy  esters. 


Asymmetric  reduction  of  the  corresponding  P-keto  esters,  both  by  chemical  and 
enzymatic  reagents,  has  been  the  most  common  route  to  P-hydroxy  ester  building  blocks. 
Several  recent  reviews  have  described  the  state  of  the  art  in  chemical  reduction  of 
prochiral  ketones  including  P-kcto  estets.«2-25  the  description  of  these  methodologies 
will  be  divided  into  sections  covering  metal  hydride  reagents  and  catalytic  hydrogenation, 
the  latter  being  the  most  extensively  explored  method  for  reduction  of  P-kelo  esters. 


Reductions  with  me|a|  hydrides 


The  use  of  mcia!  hydride  reagents  for  rhe  stereoselective  reduction  of  p-keto  esters 
has  been  limited  to  the  use  of  borohydride  reagents  such  as  UBHi  and  ZnBHt,  and 
relatively  few  applications  have  been  reported.  Stcreoselcction  has  been  controlled  by 
either  adding  chiral  auxiliaries.26  or  exploiting  the  innate  ability  of  P-kcto  esters  to 
coordinate  transition  metals.20-7-2*  Although  good  enantio-  and  diastcreoseleciiviiics 
have  been  obtained  for  some  substrates,  all  these  methods  use  stoichiometric  reagents  and 
catalytic  processes  are  much  more  desirable  nowadays. 

Use  of  chiral  auxiliaries 

Since  the  pioneering  work  of  Boitiner-By.20  the  use  of  chirally  modified  reducing 
reagents  lias  been  a focus  of  much  attention.  However,  successful  application  of  this  type 
of  reagents  to  asymmetric  reductions  of  p-kcto  esters  has  been  rather  limited.  A complex 
prepared  from  N.  N'  - dibenzoyl  cysteine  and  l-butyl  alcohol  with  LiBHi  reduced 
aromatic  P-kcto  esters  with  up  to  9 1 % enantiomeric  excess  and  constitutes  the  only- 
relevant  example.26 


been  shown  to  induce  stereoselection  for  reduction  of  a-substituted  P-kclo  esters.  This 


method  is  only  suitable  for  substituted  P-kcto  esters  and  the  diastcrcosclcciivuy  obtained 
varied  from  I to  >98  % depending  on  the  substrate  (Figure  1-4).20  Attempts  to  apply  this 
methodology  to  the  enantioselective  reduction  of  non-substituted  p-kcto  esters  have  also 
been  reported.27  In  such  cases,  the  stercoselection  is  induced  by  the  presence  of  a bulky 


chiral  alcohol  (fS-pincne  derivatives)  in  the  ester  moiety  (Figure  1-5).  The  enantiomeric 
excess  obtained  varies  from  2-70  % depending  on  the  bulkincss  of  the  chiral  alcohol. 


Ph-^V^Ob 


OCHjPh  ref20  * '^7' 'OCH2Ph 

Figure  1-4.  ZnBHi-mcdiatcd  diastercosclectivc  reductions  of  a-alkyl  p-keto  cs 


i)  ZnBHi 


Xaoh 


Figute  I -5.  ZnBHj-mcdiatcd  enantioselective  reductions  of  ji-keto  esters  induced  by  |i- 
pinenc  derivatives. 


9 


lewis  acid  mediated  hydride  reduction 

Reductions  by  borohydride  reagents  have  been  shown  to  proceed  with  different 
stereoselectivities  depending  on  the  nature  of  an  added  Lewis  acid.2'  The  different 
chelating  ability  of  TiCL  and  Cedi  was  used  to  induce  different  diastereoseleciion  in  the 
reduction  of  a-subslituted  P-keto  esters  (Figure  1-6).  Very  good  diastereoselcctivitics 
were  obtained:  however,  high  stereoselectivity  required  the  presence  of  bulky  substituents 
to  guarantee  the  appropriate  transition  state.  Moreover,  while  this  strategy  controls  die 
diastcreoselcctiviiy,  the  enanlioselcciivuy  is  determined  by  the  optica]  purity  of  the 
starting  material. 


Figure  1-6.  The  diastcreoselectivity  of  a-alkyl  p-kclo  ester  reductions  by  borohydride 
reagents  depends  on  the  chelating  properties  of  the  associated  Lewis  acid. 


The  development  of  chiral  melal  complcites  for  asymmetric  hydrogenation  has 
provided  some  highly  efficient  catalysts.  Although  they  are  required  in  very  small 


quantities,  ihc  cost  associated  with  the  use  of  precious  metals  like  Ru  and  Rh  can  make 
the  process  expensive  on  large  scale.  Much  work  has  been  done  in  the  development  of 
these  catalysts  and  several  applications  to  the  reduction  of  p-keto  esters  have  been 
reported.23-35-30 

Highly  enantioselcctive  hydrogenation  of  a-  or  P-keto  esters  has  been  achieved 
with  some  Ru  catalysts  (Figure  1-7).  While  the  BINAP-Ru  dicarboxylatc  complexes  were 
totally  ineffective,  the  halogen-containing  complexes  RuXqBiNAP)  provided  useful 
catalysts  (Table  1-1.  entries  1-4). 30  Unfortunately,  these  catalysts  require  high 
temperatures  and  pressures,  or  acid  co-catalysts  for  acceptable  catalytic  rales:  however, 
milder  conditions  have  been  recently  reported  (Table  I -I.  entries  5-7).31  Bis 
(phospholane)  ligands  such  as  BPE  also  achieve  highly  enantioselcctive  Ru-catalyzed 
hydrogenation  of  P-keto  ester  under  milder  conditions  (Table  1 - 1 , entries  8- 1 0).;J  ' ' 


Ru(ll)  catalysis  used  in  asymmetric  hydrogenation  ot  fl-keto  esters: 


(fl.fll-i-Pr-BPE 


(HJ-BINAP 


(SI-BINAP 


Figure  1-7.  Asymmetric  hydrogenation  of  P-kcto  esters  with  Ru(  Ill-based  catalysis 

Dcspite  the  high  stereoselectivities  that  RuflD  catalysts  show  towards  p-keto 
esters,  few  successes  have  been  achieved  for  reductions  of  a-substituted  p-keto  esters  and 
some  examples  are  summarized  in  Table  1-2.  The  efficiency  and  sense  of  the  cnantio-  and 
diastercosclcction  for  a-alkyl  P-kelo  esters  is  highly  influenced  by  substrate  structure  and 
reaction  conditions.  Simple  systems  such  as  ethyl  2-methyl  acetoacctatc  exhibited 
essentially  no  diastereoselection  (Table  I -2.  entry  1 ).**»  Some  acyclic  P-keto  esters  with 
bulky  substituents  yielded  the  .tyn-oplically-active  hydroxy  esters  (Table  1-2.  entry  2). 
while  ami  products  were  obtained  from  cyclic  P-kcto  esters  (Table  1-2.  enlty  3J.5MS 
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Tabic  1*2.  Diastcreosclcciiviiy  of  Ru(Q)  catalysis  for  reduction  of  a-substituted  p-keto 


entry 

Substrate 

product 

Catalyst 

syn:anti 

■See 

rtf. 

■ 

V"* 

■YU 

RuBr;(R)BINAP 

(R.fl)-i-Pr-BPE-Ru 

51:49 

58:42 

» 

33 

2 

■^Y^OCHj 

NHCOCHj 

RuBrj(ft)BINAP 

99:1 

- 

>> 

3 

(V- 

RuBr;(R)BDMAP 

(R.fl)-i-Pr-BPE-Ru 

99:1 

92 

33 

Ru-based  catalysts  provide  good  methodologies  for  obtaining  p-hydroxy  esters  of 
high  optical  purity:  however,  less  progress  has  been  made  towards  the  synthesis  of  ct- 
substituted  P-hydroxy  esters.  A major  problem  with  this  methodology  is  the  use  of 
expensive  catalysts,  precious  metals  and  chiral  ligands.  Attempts  to  use  complexes  with 
cheaper  metals  such  as  Co  and  easily  available  nitrogen-containing  ligands  resulted  in 
low  ee’s  for  the  conversion  of  p-keto  esters.  '4  These  problems  have  hampered  the  use  of 
these  catalyses  for  practical  purposes. 

In  spite  of  the  successful  application  of  the  aldol  condensation  to  other  synthons. 
it  does  not  provide  a practical  route  to  optically  pure  ct-alkyl-P-hydroxy  csteis  since 
successful  applications  have  been  limited  to  formation  of  a-mcthyl-P-hydroxy  esters.  In 
addition,  control  of  both  enantio-  and  diastcrcosclcctivity  requited  the  use  of  chiral 


etiolates  in  stoichiometric  amounts.  Use  of  chiral  reagents  usually  results  in  costly 
processes,  particularly  when  non-catalytic  methods  are  involved. 

The  discovery  that  the  stereochemistry  of  an  aldol  condensation  can  be  controlled 
effectively  through  the  use  of  preformed  enolates  led  to  new  applications  of  this 
reaction.*5  The  reaction  between  a prochiral  cnolatc  and  an  aldehyde  can  result  in  two 
diastereomeric  (1-hydroxy  ketones  and  the  relative  stereochemistry  of  the  aldol  product  is 
controlled  by  that  of  the  enolate  from  which  it  is  derived.  Provided  the  group  attached  to 
the  oxygen-bearing  carbon  of  the  enolate  is  bulky,  Z and  E enolates  resulted  in  formation 
of  syn  and  ami  aldols  respectively. 

Diastereoselectivc  synthesis  of  syn  n-alkyl  p-hydroxy  acids  was  first  achieved  by 
condensation  of  the  a-trimethylsilyloxy  ketone  enolate  17  with  an  aldehyde,  followed  by 
treatment  with  periodic  acid  (Figure  1-8).36  Synthesis  of  ami  a-alkyl  p-hydioxy  esters 
could  in  principle  result  from  direct  condensation  of  ester  enolates  with  aldehydes  since 
esters  tend  to  form  the  E enolate  upon  deprotonation  with  LDA.  Unfortunately,  the 
cnolales  of  normal  alkyl  esters  show  essentially  no  stereoselection  in  their  reaction.  On 
the  other  hand,  by  using  patticular  phenyl  esters,  good  diastcreoseleetivity  could  be 
achieved37  and  one  example  was  the  reaction  of  the  ester  enolate  18  with 
isobutyraldehyde  (Figure  1-8). 
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Figure  1-8.  Slereoselcclivc  aldol  condensations  in  Ihe  consliuclion  of  syn  and  ami  |i- 
hydroxy  esters. 

in  all  these  examples,  condensation  favored  one  diastereomer,  but  there  was  no 
control  on  the  enantioselectivity  of  the  reaction.  Control  of  both  cnantio-  and 
diastereoselectivity  required  the  use  of  a chiral  cnolate  as  starting  material.  A chiral 
ketone  can  be  converted  into  each  of  Ihe  four  possible  diastercomers  by  regulating  the 
stereochemistry  of  cnolate  formation  and  by  selecting  whether  it  reacts  on  its  si  or  re  face. 
The  stereochemistry  of  the  cnolates  can  be  regulated  by  appropriate  choice  of  base, 
whereas  facial  diastcrcoselection  can  be  regulated  by  addition  of  chelating  or  non- 
chelating metals.  This  strategy  was  applied  using  ketone  19  as  starting  material,  different 
combinations  of  base  and  metal  resulted  in  formation  of  the  four  possible  stereoisomers 
as  depicted  in  Figure  1-9.35-’*  Treatment  with  periodic  acid  yielded  the  corresponding  re- 
methyl  p-hydroxy  carboxylic  acid.  The  Evans  asymmetric  aldol  reaction  also  provides  a 
highly  stereoselective  methodology  that  usually  results  in  production  of  Ihe  syn 
diasteromer.39  Chiral  imides  such  as  20  have  very  high  diastcrcofacial  preferences  in  their 


reactions  wiih  aldehydes.  Hydrolysis  of  the  resulting  aldol  provides  the  ct-alkyl-p- 
hydroxy  carboxylic  acid. 

New  conditions  for  the  boron-mediated  aldol  condensation  of  simple  carboxylic 
esters  have  recently  corrected  the  long-term  misconception  that  these  compounds  could 
not  be  enolizcd  under  common  conditions  (dialkyl  boron  triflate  and  an  amine). 
Appropriate  choice  of  the  amine  and  the  dialkylboron  triflate  was  essential  for  successful 
synthesis  of  a-mcthyl  p-hydroxy  esters  from  alkyl  ester  propionates.40  The  syn.mui 
selectivity  is  sensitive  to  the  alcohol  residue  of  the  ester  and  the  choice  of  enolization 
reagents.  These  findings  led  Masamune  to  investigate  the  stereoselectivity  of  the  aldol 
reaction  of  various  chiral  propionate  esters  resulting  in  ami-  and  syn-sclcetive  aldol 
reagents,  compounds  21  and  22  respectively  (Figure  1-9). 
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Figure  1-9.  Diastereofacial  selection  in  nldol  condensaiions  wilh  a chiral  enolate. 


Although  the  combination  of  an  appropriate  chiral  starting  material  and 


experimental  conditions  provided  the  four  possible  diaslereomers  of  oasubstituted  |S- 
hydroxy  eslcis,  these  reactions  require  suitable  chiral  metal  enolatcs  in  stoichiometric 


; and  in  many  cases  an  additional  reaction  to  achieve  the  desired  product. 


Furthermore,  applications  of  the  aldol  condensation  to  the  synthesis  of  optically  pure  P- 
hydroxy  esters  have  been  limited  to  formation  of  a-methyl  p-hydtoxy  esters  and  this  docs 
not  constitute  a general  methodology  for  the  construction  of  chiral  a-alkyl-P-hydroxy 

Stereoselective  Alleviation  of  B-Hvdroxy  Esters.  "Frater  Alkylation" 

A second  methodology  based  on  C-C  bond-forming  reactions  has  been 
successfully  applied  to  the  synthesis  of  ami  a-alkyl  p-hydroxy  esters.  Stereoselective 
alkylation  of  optically  pure  P-hydroxy  esters  has  provided  these  synthons  with  good 
optical  purities  (Figure  I - I0).43  In  these  reactions,  the  alkylation  occurs  on  the  less- 
hindered  face  to  yield  the  ami  diasteromer.  Although  the  alkylation  occurred  with  high 
stereoselectivity,  the  enanltosclcctivtiy  is  limited  by  the  optical  purity  of  the  starting 
material.  This  strategy  is  also  limited  to  production  of  the  ami  diasteromer  and  to  those 
optically  pure  p-hydroxy  esters  available  by  other  means. 
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Figure  1-10.  Production  of  ami  ethyl  2-alkyl  3(S)-butanontes  through  Frater  alkylation. 


Svmhesis  of  Chiral  B-Hvdroxv  Esters:  Biocatalvs 


The  application  of  biocatalysts  as  chiral  reagents  has  become  increasingly 
important  in  contemporary  organic  synthesis.  Enzymic  methods  usually  require  mild 
conditions,  which  minimizes  problems  of  undesired  side  reactions  such  as  decomposition, 
isomerization,  racemization,  cpimcrizanon  and  rearrangements.  Enzymes  are  often  not 
limited  to  their  natural  substrate  and  some  accept  a large  variety  of  man-made,  unnatural 
substances.  Finally,  once  the  reactions  are  completed  biocatalysts  arc  completely 
degraded  in  the  environment,  thereby  providing  an  environmentally  friendly  alternative  to 
classical  methodologies.  Given  these  advantages,  it  is  not  surprising  that  enzymatic  routes 
to  (1-hydroxy  esiers  have  been  explored  extensively. 

With  the  exception  of  some  lipase-mediated  resolution  of  the  acetylatcd 
alcohols.44-46  or  the  hydrolysis  of  naturally  occurring  polymers  such  as  poly  hydroxy 
butyrate4’  most  biocatalytic  routes  to  0-hydroxy  esiers  have  focused  on  stereoselective 
reduction  of  0-kelo  esters.  A number  of  biocatalylic  reagents,  encompassing  both  purified 
enzymes  and  whole  microbial  cells,  have  been  investigated4*-*6  Even  though  some  other 
microorganisms  have  been  shown  to  reduce  0-keto  esters,  most  studies  have  been 
focussed  on  reductions  with  baker's  yeast  or  reductases  isolated  from  this  microorganism. 
Because  of  the  large  amount  of  literature  in  this  field,  the  state  of  the  art  on  the  use  of 
baker's  yeast  for  synthesis  of  0-hydroxy  esters  is  considered  in  a separate  session. 

A broad  range  of  prochiral  ketones  can  be  reduced  stcrcoselcclively  to  give  chiral 
secondary  alcohols,  and  various  alcohol  dehydrogenases  have  been  used  as  chiral 


catalysis  for  these  conversions.5*48  In  most  cases,  the  stereochemical  course  of  the 
reaction  may  be  predicted  from  the  Prelog’s  rule  (Figure  l-l  I);51  although 
dehydrogenases  that  lead  to  the  formation  of  anli-Prelog  alcohols  are  known.' 


Figure  l-l  I.  Prelog’s  rule  for  the  asymmetric  reduction  of  ketones. 

A few  reductases  purified  from  microorganisms  other  than  baker's  yeast  have 
been  used  to  synthesize  |J-hydroxy  esters  and  some  representative  examples  are 
summarized  in  Figure  1-12.  Alcohol  dehydrogenases  isolated  from  Geolrichum  candidum 
(GCDH)52 and  the  thermophilic  microorganism  Viermoanaerohium  brockii  (TABDHl*'' 
have  been  used  for  the  asymmetric  reduction  of  (J-keto  esters.49*54*57  While  these  two 
enzymes  yielded  the  (5)  alcohol  for  the  reduction  of  ethyl  4-chloro  acetoacctate.  an 
aldehyde  reductase  isolated  from  Sporobolomyces  salmonicolor  provided  the  opposite 
enantiomer.58  The  latter  has  been  further  characterized  for  reduction  of  a number  of 
halogcnatcd  |)-keto  esters,  along  with  a carbonyl  reductase  from  Candida  magnoliae.’" 
Few  enzymes  have  been  used  for  the  reduction  of  a-substituted  {S-keto  esters  (Figure  I- 
12);  a commercially  available  reductase  from  Pseudomonas  lemoignes  exhibited  broad 
substrate  specificity  and  yielded  Ihcsy/i  (2S.3R)  isomer  in  good  to  high  optical  purity.8" 
An  enzyme  that  catalyzes  the  reduction  of  ethyl  a-methyl  acetoacetate  has  been  recently 


suolly  related  with  the  protein  isolation  process  and  cofactor  requirement.  Unless  a crude 


stable  and  can  even  be  reused;  however  this  has  not  been  the  case  for  reductases. 
Furthermore,  reductases  require  redox  cofactors,  which  donate  the  hydride  equivalents  for 
reduction.  For  the  majority  of  these  enzymes,  nicotinamide  adenine  dinuclcotide  (NADH) 
or  the  phosphorylaled  derivative  (NADPH)  arc  required.  These  arc  relatively  unstable 
molecules  and  prohibitively  expensive  if  used  in  stoichiometric  amounts.  Thus,  a large 
effort  in  this  field  has  been  devoted  to  the  development  of  efficient  recycling  systems;62 
however,  the  recycling  of  these  cofactors  is  still  problematic  and  constitutes  an  economic 
barrier  for  large-scale  reactions.-1 
Whole  Cell  Systems 

Issues  of  enzyme  isolation  and  cofaclor  recycling  are  avoided  when  whole 
microbial  cells  are  used  as  biocatalysts  since  both  are  provided  by  growing  cells.  The  use 
of  whole  cells  also  allows  biocatalysts  to  be  employed  even  when  the  enzyme  responsible 
for  a particular  conversion  is  not  known.  Several  microorganisms  have  been  found  to  be 
useful  for  the  cnantioselective  reductions  of  p-keto  esters  (Figure  1-13)  and  their 
applications  have  been  reviewed.48-50-62  While  most  examples  have  been  limited  to  the 
use  of  yeast  or  fungi,  some  bacterial  strains  64  and  the  algae  Clilorella  65  have  also  been 
shown  to  reduce  these  compounds. 

Some  useful  applications  of  whole  cell-mediated  reductions  are  summarized  in 
Figure  1-13.  The  absolute  configuration  of  the  alcohol  product  is  determined  by  the 
nature  of  the  microorganism  and  by  the  substrate.48-50  For  some  substrates  such  as  23-26 
(Figure  1-13).  p-hydroxy  esters  of  either  configuration  can  be  obtained  by  appropriate 


choice  of  microorganism  « 52-“-70  The  screening  of  several  yeast  strains  from  the  genera 
Ktoeckera.  Hansenuia.  Candida,  and  Tomlapsis  for  enanliosclcctive  reduction  of  p-keto 
ester  25  resulted  in  two  strains,  Candida  boidanii  and  Hansunuia  anomala  that  produced 
each  enantiomer  with  good  cnantioselectivity.w  Similar  studies  preceded  the 
identification  of  the  different  strains  represented  in  Figure  1-13,  A major  disadvantage  of 
this  approach  is  that  a microorganism  that  presents  high  enantiosclectivity  for  a particular 
substrate  may  not  show  the  same  for  others,  and  a new  screening  process  may  be 
necessary  for  each  biotransformation.  Although  several  microorganisms  have  been 
reported  for  reduction  of  particular  substrate,  the  screening  process  is  a tedious  task.  In 
one  example,  Sugiyama  screened  450  strains  of  bacteria  for  the  cnantioselectivc  reduction 
of  ethyl  a-methyl  acetoacclaic.  and  identified  a Klebsiella  pneumoniae  ...ram ... ..  .Jiiable 

The  preparation  of  optically  pure  a-alkyl-P-hydroxy 'esters  represents  an  even 
more  challenging  synthetic  problem  and  it  is  not  easily  accomplished  by  the  reduction  of 
the  racemic  ketone.  Geoirichiun  sp.  has  been  characterized  for  the  reduction  of  several  p- 


situation  to  ihe  use  of  baker's  yeast.43*72  Mucor  javanicus  was  found  to  yield  the  opposite 
diastcreomcr  than  baker's  yeast  for  the  reduction  of  27;70  however,  the  same  problem  of 


i was  also  found  for  this  strain. 
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Figure  1-13.  Who 


Despite  some  successful  examples  of  whole  cell-mediated  stereoselective 
syntheses  of  p-hydroxy  esters,  the  utility  of  the  organisms  is  limited  to  particular 
substrates  and  the  microbe  cannot  be  regarded  as  a generally  useful  enaniiosclcctive 
reagent.  This  can  be  due  to  individual  enzymes  with  poor  stereoselectivity,  or  to  the 
presence  of  other  enzymes  that  compete  for  the  substrate  lowering  the  stereoselectivity  of 
the  reaction. 


from  different  organisms  has  opened  a new  era  in  the  development  of  biocatalysts.  The 
expression  of  natural  or  mutant  enzymes  suitable  for  particular  synthetic  applications  in 
recombinant  microorganisms  provides  an  efficient  source  of  enzymes  and/or  whole  cell 
biocatalysts.  This  strategy  has  already  been  applied  to  whole  cell  biocatalysis  using 
baker's  yeast  and  £.  coli  as  hast  microorganims.,3  ,J  A recombinant  £.  coli  strain 
expressing  an  aldehyde  reductase  from  Sporobolomyces  salmonicolor  has  been  used  for 
reduction  of  ethyl  4-chloro  acctoacetate  to  the  corresponding  (R)  alcohol  in  91  % cc.” 
Whole  cells  of  the  recombinant  bacteria  were  used  in  a two-phase  system  that  also 
contained  an  NADPH  regeneration  system.  In  this  approach,  the  prc-grown  cells  acted 
only  as  a source  of  the  reductase  enzyme;76howcver.  growing  cells  can  also  supply 
enough  cofactor  for  biotrunsformations.  Because  enzyme  expression  in  E.  coli  is 
generally  applicable,  this  strategy  offers  a simple  way  to  utilize  reductase  enzymes  from  a 
diverse  array  of  organisms. 


Raker  s Yeast  in  flrcanic  Synthesis 

Although  the  concept  of  enzyme  applications  to  asymmetric  synthesis  has  been 
long  recognized,  the  inclusion  of  biocatalysts  as  pan  of  the  repertoire  of  reagents  in 
organic  synthesis  has  been  somewhat  restricted.  This  reluctance  has  been  well 
summarized  by  Kurt  Faber: 

Any  exponents  of  classical  organic  chemistry  will  probably  hesitate  to 
consider  a biochemical  solution  for  one  of  their  synthetic  problem'.  Ins 
would  be  due.  very  often,  to  the  fact  that  biological  systems  would  have  to 
be  handled.  When  growth  and  maintenance  of  whole  mtcroorgamsms  is 
concerned,  such  hesitation  is  probably  justified.-’ 

This  statement  probably  reflects  the  major  reason  that  baker's  yeast  continues  to 
be  the  most  popular  and  well-characterized  whole-cell  biocatalyst  for  asymmetric  organic 
synthesis.  Baker's  yeast  is  particularly  well  suited  for  organic  chemistry  since  it  is  readily 
available,  inexpensive,  non-pathogenic  and  reactions  do  not  require  any  microbiology 
expertise.  A large  variety  of  reactions  including  ester  and  amide  hydrolysis,  aldol  and 
acetoin  condensations,  polyene  cyclization.  and  carbonyl  and  olefin  reductions  have  been 
catalyzed  by  baker's  yeast.49*77  Asymmetric  reduction  of  carbonyl  compounds  has  been 
by  far  the  most  common  application  of  this  biocatalyst.  The  catalytic  repertoire  of  baker's 
yeast  has  been  subject  of  several  comprehensive  review  articles  49.5»-77-79  and  practical 
procedures  for  yeast  biolransformations  have  been  reported.5-*0 
Reduction  of  Carbonyl  Compounds  with  Baker's  Yeast 

The  reducing  capacities  of  yeast  have  attracted  the  interest  of  modem  organic 
chemists  in  the  preparation  of  chiral  secondary  alcohols,  file  observation  that  the  addition 
of  sulfur  in  fermenting  yeast  resulted  in  the  formation  of  H:S  was  probably  the  first 


literature  account  of  the  reducing  capacity  of  yeast*'  The  reduction  of  carbonyl  groups 
was  first  shown  with  aldehydes  and  then  applied  to  ketones.**  Since  then,  the  baker  s 
yeast-mediated  reduction  of  carbonyl  compounds  for  the  preparation  of  chintl  secondary 
alcohols  has  become  an  established  pracedure  and  several  examples  are  Illustrated  in 
Figure  l-14*M»  Reduction  of  ketones,  dikelones.  a-substituted  ketones,  a-  and  (S-kcto 
esters,  including  both  cyclic  and  open  chain  compounds  have  been  reported,  and  in  many 
cases  the  products  showed  high  optical  purity. 
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Figure  1-14.  Some  applications  of  baker’s  yeast  (BY)  to  the  asymmetric  reductions  of 
carbonyl  compounds. 


The  fits!  industrial  application  of  baker's  yeast  inductions  was  the  synthesis  of 


via  the  baker's  yeast  catalyzed  reduction  of  the  corresponding  trikctonc  ( 171  has  been 
recently  repotted  (Figure  I -15),92  The  fact  that  yeast  reductions  have  been  applied  in  an 
industrial  scale  adds  significance  to  this  biocatalyst. 


Figure  1-15.  Industrial  application  of  baker's  yeast  to  tile  production  of  triraegestono. 


Probably  the  most  common  biotransformation  by  baker's  yeast  is  the  reduction  of 
p-keto  esters,  fust  described  in  1918 .»  The  best-known  example,  reported  in  an  Organic 
Synthesis  preparation,  is  the  reduction  of  ethyl  acctoacetatc  to  yield  ethyl  (SM+l-3- 


depending  on  the  substrate  (Figure  1-16.  Table  1-3).  The  reason  for  this  divergent 
behavior  is  not  due  to  an  alternative  fit  of  the  substrates  in  a single  enzyme,  but  rather  to 
the  action  of  several  oxido-reductascs  possessing  opposite  stereoselectivities  and 
overlapping  substrate  specificity.1’4 

0 0 OHO  OHO  QHO 

R.'V'OR,  Balief’Sye-^-  R,"W,*  R.-^OR,  * R.-'V'OR, 

30  3R(RZ  = H)  (2B.3S-syn)  (2S.3S-anf/| 

Figure  1-16.  Baker's  yeast-mediated  reductions  of  open  cbhin  p-keto  esters. 


Tabic  1-3.  Stereoselectivity  of  baker's  yeast-mediated  reduction  of  (S-keto  esters  ( Figure 


B-Kelo  Ester  Oxido-Reductascs  in  Baker's  Yeast. 


resulted  in  mixtures  of  enantiomers.  If  these  p-hydroxy  esters  were  due  to  a single 
enzyme,  it  would  require  the  enzyme  to  interact  with  both  faces  of  the  carbonyl  group.  A 
second  possibility  was  that  yeast  contained  more  than  one  oxido-reductasc,  which 
generated  carbinols  of  opposite  configurations  but  at  different  rales.  The  first  evidence 
that  the  low  stereoselectivity  of  P-kcto  ester  reductions  by  baker's  yeast  was  associated 
with  the  presence  of  more  than  one  oxido-reductasc  was  presented  by  Sih  and  co- 
workers.18  who  demonstrated  that  the  optical  purities  of  several  alcohol  products  varied 
with  changes  in  substrate  concentration.18102 


Biochemical103  and  genome  analysis101  of  baker's  yeas!  has  shown  that  a number  of 
enzymes  may  be  involved  in  Ihc  reduction  of  (i-kcio  esters.  Several  groups  have  reported 
the  isolation  and  characterization  of  p-kelo  ester-reducing  enzymes  (Table  1 -4)."’ 1,4 1 
107  Most  of  the  enzymes  were  purified  from  the  cytosolic  fraction  of  yeast  and  it  appears 
that  different  groups  may  have  identified  identical  enzymes.  In  nearly  all  cases,  the 
physiological  substrates  for  these  enzymes  are  not  known:  instead  they  have  been  purified 
on  the  basis  of  activity  towards  a specific  ketone.  These  practices  have  led  to  ad  law 
naming  of  yeast  reductases  that  often  derive  from  the  order  of  elution  from  specific 
chromatographic  columns  or  reflect  the  nature  of  the  assay  substrate  used  during  the 
purification. 

Three  competing  NADPH  dependent  P-kelo  ester  reductases  capable  of  reducing  4- 
chloro  accloacctatc  esters  with  high  cnantioselecttvily  were  first  isolated  from  the 
cytosolic  fraction  of  baker's  yeast  by  Sih  and  co-workers.91  One  of  the  enzymes  t D- 
enzyme-2)  was  assigned  as  the  fatly  acid  synthetase  (FAS)  complex  and  was  the 
predominant  activity  forming  the  D-carbinolic  product.  The  two  other  enzymes,  referred 
to  as  D-cnzymc-l  and  L-cnzyinc.  reduced  P-kcto  esters  to  yield  the  D-  and  the  L- 
carbinols  respectively.  The  same  group  later  repotted  another  L-cnzyme  that  produced 
also  L-carbinols  but  shown  opposite  diastercoselcction  than  the  previous  L-enzym c "n 
Hcidlas  ct  al,107  also  reported  two  P-kcto  ester  reductases  that  were  named  (/?)  and  (S) 
enzymes  accotdingly  to  the  configuration  of  their  products.  The  (R > enzyme  was 
considered  to  be  identical  to  a subunit  of  the  FAS  complex.  Tile  (S)  enzyme,  however, 
was  distinct  from  those  previously  reported:  it  differed  in  molecular  mass  and  substrate 
specificity,  being  able  to  enantiosclectivcly  reduce  4-oxo  and  5-oxo  acids  and  esters  as 
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Improvements  in  ihe  Stereoselectivity  of  Baker's  Yeast-Mediated  Reductions  of  B-Keto 
Esters. 

The  presence  of  enzymes  with  different  stereoselectivities  in  baker's  yeast  has 
hampered  the  utility  of  this  biocalalyst  for  the  synthesis  of  optically  pure  (1-hydrosy 
esters.  Several  ingenious  methods  have  been  devised  to  overcome  this  problem  including 
changing  the  substrate  structure  or  concentration,18''”'101'117-118  altering  the  growing 
conditions,  ti.i  19.120  using  organic  solvents  ora  two-phase  system,95*96*9*  and  adding 
inhibitors  for  particular  enzymes.  ".100.121-123 

Substrate  modification  has  proven  successful  for  directing  the  cnantiosclcclivity 
of  alkyl  4-chloro  acetoacctate  reductions.  It  was  established  that  the  enantioselectivity 
varied  depending  on  the  size  of  the  ester  alkoxy  group  (Table  I -5).  and  these  findings 
were  applied  to  the  synthesis  of  optically  pure  L-carnitine.18  Following  this  report, 
modification  of  the  ester  alkoxy  group  has  been  shown  to  affect  the  stereoselectivity 
resulting  in  different  degrees  of  improvement  (Table  I-5).99*10’*1 17,1 18  Other  substrate 
modifications  have  included  hydrolysis  of  the  ester  prior  to  reduction,  124  or  substitution  at 


the  m-position  with  a functional  group  lhai  is  easily  removed  alter  reduction. ; The 
strategy  of  substrate  modification  is  based  on  the  empirical  finding  that  the  reductases 
involved  in  the  reaction  have  very  different  commitment  to  catalysis  for  a particular 
substrate. 


Table  1-5.  Effect  of  substrate  structure  on  the  stereoselectivity  of  baker's  yeast-mediated 
inductions  of  p-keto  esters. 


Another  approach  to  improving  enaniioselectivity  is  based  on  the  kinetic 
differences  between  the  participating  enzymes.  Regulated  addition  of  the  substrate  can 
control  to  a certain  extent  the  enaniioselectivity  towards  a given  substrate  by  tat  'nnc 
those  enzymes  with  high  affinity  for  the  substrate  (Table  1-61.  The  use  of  a two-phase 
system  is  likely  related  to  die  former  strategy,  since  the  concentration  of  the  substrate 
surrounding  the  cells  will  also  be  affected  by  the  partition  coefficient  of  the  compound 
between  the  two  media,  as  well  as  the  total  substrate  concentration.  In  general,  low 


substrate  concentrations71  as  well  as  the  use  of  organic  solvents,  favored  L- 


stereoselectivity.''5-'®  while  cell  immobilization  resulted  primarily  in  formation  of  the  D- 
isomer  (Table  1-6). w 


Table  1 -6.  Effcci  of  subsiraie  conccntraiion  on  the  stereoselectivity  of  baker  - > east  - 
mediated  reductions  of  [J-keto  esters. 


Some  other  methodologies  have  targeted  the  stereoselectivity  for  a given  substrate 
by  regulating  the  level  of  catalytic  activity  of  a particular  enzyme.  The  use  of  inhibitors  of 


specific  enzyme  activities  has  resulted  in  good  improvements  in  the 
stereoselectivity. 'r'h“i  : For  example,  methyl  vinyl  ketone  and  allvl  alcohol  favored 

the  production  of  the  D-alcohal.1-1  while  ethyl  chlnroacetate  shifted  the  enatiiioseleettviiy 
m the  opposite  direction  tTable  l-7),‘"  Addition  of  methyl  vinyl  ketone  also  favored  the 

«vu  dlastercomcr  when  ct-substituted  |J-keio  esters  were  tested  (Table  I -S  i The 

diastereosclectivity  of  a-alkyl-ji-keto  ester  reductions  was  also  modified  by  heal 
treatment,  and  these  results  are  probably  associated  with  thermal  denaiuratinn  ol  one  of 
the  enzymes  (Table  I -SI.100-1-6 

The  addition  of  inhibitors  improves  the  enaniioselectivitv  but  in  practice  it 
requires  a 1:1  ratio  of  inhibilorsubstrate.  an  increased  yeast  cell  mass  i20gcells/imnol 
substrate),  and  both  factors  complicate  the  extraction  process  and  may  affect  the  yield. 
Although  Nakamura  reported  good  improvements  associated  with  the  use  of  inhibitors, 
later  reports  suggested  much  lower  stereoselectivity  (Table  1-7).  Addition  ol  sulfur 
compounds  like  DMSO  and  L-cysteine  has  also  been  shown  to  affect  the 
enanitoselecti vny.  :: 


Substrates  t .'0> 


Table  1-8.  Effect  of  thermal  treatment  and  enzyme  inhibitors  on  the  diostereoscleeilvity 
of  jS-keto  ester  baker's  yeast-mediated  reductions. 


Other  methodologies  seem  to  alter  the  pattern  of  enzyme  production  by  changing 
the  growing  conditions.  Since  several  enzymes  are  involved  in  these  reductions,  die  "in 
vivo  concentration"  of  the  involved  catalysts  cun  be  manipulated  by  modifying  the 
"macroscopic  parameters"  such  as  carbon  source,  aeration,  aging  of  the  culture,  etc.' 1 ■ 1 lu 
Related  studies  establish  that  starving  oxygen-limited  cultures  favored  the  D-hydroxv 
esters,  while  the  presence  of  gluconolactone  and  active  aeration  favored  the  L-ltydroxy 
esters  (Table  1-9).IM 


Table  I -9.  Effect  of  different  growing  conditions  on  the  enantioselectivity  ot  baker'  • 
yeast-mediated  reductions  of  (Mteto  esters. 


1 of  Genenc  Engineering  in  Improve  ihe  Eng 


ketone  reductase,  and  this  name  will  be  used  to  avoid  the  ambiguity  that  plagued  the 
previous  nomenclature. 
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Fatly  acid  synthetase 


Figure  1-19.  Three  enzymes  have  been  reported  us  the  major  P-keto  ester  reductases 
present  in  baker's  veasi 


The  genetic  design  approach  required  the  identification  of  the  genes  encoding 
each  enzyme.  Fatty  acid  synthetase  is  encoded  by  the  FAS  I and  FAS2  genes,  both  of 
which  have  been  previously  cloned.1 Aldo-keto  reductase  has  been  isolated'’1  .mil  its 
N-terminal  amino  acid  sequence  was  determincd:t,w  based  on  this  data  the  gene  encoding 
for  this  enzyme  was  identified  as  YPRI.  Amino  acid  data  was  also  reported  for  ir-aceioxy 
ketone  reductase  and  was  in  complete  agreement  with  an  hypothetical  protein  encoded  by 
the  open  reading  frame  yjrl05wl-i'  However,  the  results  presented  in  this  work  indicate 
that  this  assignment  was  incorrect.  To  identify  Ihe  correct  gene,  the  a-aceioxy  ketone 
reductase  was  purified  and  internal  Lys-C  fragments  were  sequenced:  the  data  obtained 
corresponded  precisely  to  the  protein  encoded  by  the  GRE2  gene. 

Strains  over-expressing  each  of  these  three  reductases  were  constructed  and 
analyzed  for  changes  in  the  enantio  and  diastercoselectivity  of  P-keto  ester  reductions. 
Expression  systems  based  on  Ihe  S.  cerevisiae  expression  vector  pYES2  were  constructed 


lor  aldo-keto  reductase  and  fatly  acid  synthetase,  while  the  expression  svs 


acetoxy  ketone  reductase  was  based  on  pAAH5.(-y 

Strains  in  which  each  of  these  reductases  were  knocked  out  were  analyzed  for 
their  effects  on  the  stereoselectivities  of  p-keto  ester  reductions.  The  strain  carry  me  a 
knockout  of  the  YPR1  gene  was  created  by  micro-homology  gene  replacement.  “ loo 
Itix2  mutant  strains  have  been  used  along  this  work:  the  first  mutant  was  prepared  by 
Schweizer  and  obtained  from  a strain  bank  lATCC  26403>.l?l  and  a second  imnani 
carrying  the  complete  deletion  of  the  gene  uifas2)  was  obtained  by  sporulation  of  the 
corresponding  heterozygous  diploid.  The  strain  carrying  the  knock  out  of  the  OKE2  gene 
was  obtained  from  the  Euroscarf  consortium. 

The  construction  of  these  recombinant  strains,  as  well  as  the  performance  n!  the 
different  "designed  veast"  on  the  reduction  of  several  P-keto  esters  arc  presented  in 
Chapter  3.  Although  the  results  obtained  from  this  first  generation  of  engineered  strains 
provided  good  improvements  on  the  stereoselectivity  of  baker  s yeast  reductions, 
incomplete  stereoselectivity  was  still  a common  outcome  of  these  bioiranslormaiions.1 
These  results  represented  new  challenges  since  it  indicated  that  more  reductases  i hail 
those  originally  thought  were  involved  in  the  reduction,  and  implied  that  a combination  of 
knock  out  and  over-expression  strategies  might  be  necessary  to  achieve  complete 


combining  overexpression  and  knockout  strategies  were  constructed.  A "s 


diastcreoselective  strain  was  created  by  over-expressing  aldo  keto  reductase  in  die  strain 
carrying  the  deletion  of  the  a-acetoxv  ketone  reductase.  Similarly,  a designed  yeast  with 


the  opposite  stereoselectivity  was  obtained  by  combining  the  aldo  kcto  reductase  knock 
out  with  the  a-acetoxy  ketone  reductase.  A double  deletion  mutant  curtytng  the  knock  out 
of  both  X-enantioselective  enzymes  served  as  background  for  the  expression  of  F \S 
yielding  an  /f-enantioseleciive  strain.  Finally,  over-expression  of  n-acetoxx  kciouc 
rcduciase  in  the  J fas2  deletion  niuiam  resulted  in  an  i'-enantioselective  engineered  yeast. 
The  construction  of  this  second  generation  of  "designed  yeast”,  along  with  the  .issocuaed 
Improvements  in  the  stereoselectivity  of  (J-keto  esier  reductions  are  presented  in  t 'liapier 

Since  the  outcome  of  the  experiments  with  single  mutants  presented  cl  .‘;u 
evidence  that  more  reductases  were  involved  in  (l-kcto  ester  reductions,  attempts  10 
identify  these  reductases  were  undertaken.  Based  on  sequence  homology  with  known 
reductases,  several  candidates  were  identified, Three  yeast  open  reading  frames 
presented  strong  homology  with  cx-acetoxy  ketone  reductase,  although  no  oilier 
information  was  available  about  these  hypothetical  proteins.  In  a similar  studs  , five 
liomologs  of  the  aldo  keto  reductase  were  identified.  Three  of  these  enzymes . < icy  Ip. 
Grc3p  and  Aralp)  had  been  previously  isolated  and  characterized  as  reductases,  ' ' 
although  their  potential  role  on  |i-keto  ester  reductions  was  never  addressed  t in  en  their 
kinship  with  aldo  kcto  reductase,  and  to  learn  whether  these  enzymes  might  be  useful  in 
stereoselective  reductions  of  0-keto  esters,  engineered  yeast  and  E.  t oll  strains  expressing 
each  of  them  were  created.  The  recombinant  strains  were  tested  for  reduction  01  several 
|)-kcio  esters  along  with  some  other  carbonyl  compounds.  The  results  presented  in 


Chapter  5 indicate  that  Gey  lp  and  Gre3p  are  indeed  (i-keto  ester  reductase',  and  that 
Aralp  is  involved  in  a-keto  ester  reductions. 

In  sumntaty.  yeast  strains  with  high  stereoselectivity  were  obtained  by  combining 
knock  out  and  over-expression  of  the  three  enzymes  that  were  previously  reported  as 
major  responsible  of  p-keto  ester  reductions  tn  baker's  yeast.  These  results  indicate  tire 
potential  of  the  "designer  yeast”  approach  to  tailor  the  stereospecificity  of  baker  - yeast 
and  provide  useful  biocatalvsts  for  these  transformations.  In  addition,  the  result-  obtained 
along  this  work  uncovered  the  presence  of  more  reductases  involved  in  yeasMHc'diated 
reductions  of  P-keto  esters.  Some  of  these  other  enzymes  have  been  identified  based  on 
their  homology  with  known  reductases  and  their  expression  in  £.  loli.  Tin-  approach  will 
probably  be  useful  for  the  identification  of  the  remaining  reductases  in  baker  - y east  and 


to  improve  the  rational  design  of  yeast  strains  with  a particular  stereoselectivity. 


CHAPTER  2 

IDENTIFICATION  OF  THE  GENES  ENCODING  FATTY  ACID  SYNTHETASE  AND 
ALDO  KETO  REDUCTASE.  ISOLATION  AND  CHARACTERIZATION  OF  «- 
ACETOXY  KETONE  REDUCTASE 

The  genetic  design  approach  to  improving  the  stereoselectivities  of  yeast 
reductions  requires  the  identification  of  the  genes  encoding  each  relevant  enzyme.  The 
availability  of  the  complete  genome  sequence  of  baker's  yeast.1-16  along  with  the 
identification  of  some  of  the  enzymes  involved  in  these  reductions.'""*  provided,  in  two 
cases,  the  identities  of  the  corresponding  genes.  By  contrast,  it  was  necessary  to  isolate 
the  third  major  p-keto  ester  reductase  to  obtain  the  required  information. 

Faltv  Acid  Synthetase 

Several  groups  identified  fatly  acid  synthetase  (FAS!  as  the  major  enzyme 
involved  in  the  reduction  of  P-kcto  esters  to  yield  D-carbinols.w-l,,5-,u7  Yeast  fatty  acid 
synthetase  is  a multifunctional  enzyme  composed  of  two  non-identical  subunits,  « and  |1. 

FAS2  and  FASI  genes,  respectively.  Experiments  with  a mutant  fus2  deficient  strain 
( ATCC  26403)  have  shown  that  the  3-oxoacyl  reductase  component  of  the  FAS  was 
responsible  for  the  reductase  activity.*61  Conflicting  reports  have  appeared  in  the 
literature  concerning  whether  the  complete  FAS  complex  was  responsible  for  the 
reductase  activity  observed  in  whole  cells  or  a single  subunit  is  sufficient.  The  three 
groups  that  assigned  a P-keto  ester  reductase  activity  to  FAS  repotted  different  molecular 


weights.  While  one  group  reported  a MW  of  2400  kDa*1  that  cm  be  assigned  to  the 
complex,  the  two  other  groups  reported  values  of  I600105  i Ojpj  > and  800  kDa 
I.107  respectively.  Studies  by  Heidlas  et  al,  presented  evidence  that  the  P-keto  ester 
reductase  activity  was  present  in  the  a;p;  subunit  but  the  asps  complex  showed  no 
capacity  to  catalyze  these  reductions.1"7 

Aldo-Keio  Reductase 

Two  L-enzymes  of  similar  molecular  weight  (or.  32  kDa)  that  use  NADPII  as  the 
sole  cofactor  and  have  very  similar  kinetic  parameters  have  been  isolated  by  two  groups 
and  are  likely  to  be  the  same  aldo  koto  reductase.  00.109.1  to  ype  N-terminal  amino  acid 


T-G;loy  a BLAST  search  using  the  5.  cerevisiae  genome  database  indicated  complete 
match  with  Yprlp.  an  enzyme  that  belongs  to  the  aldo  keto  reductase  superfamily 
encoded  by  the  YPRI  gene.  Later  reports  in  the  literature  suggested  that  this  enzyme 
activity  might  also  be  due  to  aldose  reductase-l  ( YHRI04w).  aldose  reductase-: 
t YDLI24W).  or  aldehyde  reductase  ( YBRI49W).103  Although  all  these  latter  enzymes 
belong  to  the  same  family,  the  only  protein  whose  sequence  completely  matched  the 
reported  data  was  Yprlp. 


L-enzymc-2  was  isolated  from  oriental  baker’s  yeast  using  ethyl  4-chloro 
accioacctate105  as  substrate,  while  l-acetoxy-2-propanone  was  used  for  the  isolation  of  a- 
acctoxy-kctone  reductase  from  the  same  organism.1 10  Protein  analysis  later  revealed  that 


T-A-P-L-V-V-L-G-N-P-L-L-D-F 


no  similarity  to  carbonyl  reductases,  in  order  to  settle  the  question  of  whether  the 
YJR105w  ORF  actually  corresponded  to  the  a-acetoxv  ketone  reductase  gene.  > cast 
strains  carrying  either  a deletion  or  an  over-expression  system  lor  the  YJR OSw  ORF 
were  created.  As  was  suspected,  neither  deletion  nor  over-expression  of  the  YJRI05W 
ORF  hud  any  effect  on  the  outcomes  of  whole  cell-mediated  p-keto  ester  reductions. 
Moreover,  analysis  of  the  soluble  protein  extract  from  the  deletion  mutant  indicated  that 
the  a-ucetoxy  ketone  reductase  activity  was  still  present  in  the  mutant  strain,  lurihcr 
confirming  the  notion  that  the  N-tenninal  amino  acid  sequence  for  Ct-acetoxy  ketone 
reductase  had  been  misreported.  Details  of  these  studies  are  given  hclow, 

Over-Expression  of  the  Protein  Encoded  by  YJR  I05w 

An  over-expression  system  for  the  enzyme  encoded  by  the  YJRIOSw  ORF  was 
bused  on  the  yeast  expression  vector  pYES2.* ls  The  strategy  used  to  create  this  plasmid  is 
summarized  in  Figure  2- 1 . Appropriate  restriction  sites  for  the  cloning  strategy  w civ 
incorporated  in  the  PCR  primers  (L2for,  L2revt  and  the  complete  YJR  I05w  ( >RF  was 
PCR-amplified  from  S.  cerevitiae  genomic  DNA  and  then  cloned  into  pL'C  I ')  alter 
digestion  with  Bum  HI  and  EcnRl.  Subcloning  of  the  EroRI  - fitimHI  cassette  into  these 
sites  of  pYES2  resulted  in  the  expression  system  pSRG2.  In  this  vector,  protein 
expression  is  controlled  by  the  GAL  promoter  and  is  induced  by  a change  in  carbon 
source.  The  2p  origin  of  replication  maintains  the  plasmid  copy  number  at  10-40  per 
yeast  cell  and  the  presence  of  the  URA3  gene  allows  selection  of  yeast  transformants  in 
uracil  depleted  media.  This  plasmid  also  contains  the  ampictllln  resistance  gene  iblut  and 
the  ml  El  origin  of  replication  for  maintenance  and  cloning  in  E cati. 


Transformation  of  the  yeast  strains  I5C  and  InvSel  with  pSRG2  resulted  i 


recombinant  strains  that  potentially  over-expressed  the  protein  encoded  by  YJRIOSw 
ORF:  !5C(pSRG2>  and  InvScl(pSRG2).  Both  strains  were  tested  for  changes  in  the 
stereoselectivity  of  P-keto  ester  reductions.  It  was  expected  that  if  the  enzyme  being  over- 
expressed  were  tx-acetoxy  ketone  reductase,  this  would  effect  the  stereoselectivity . 
resulting  in  the  production  of  more  L-product  and  more  nnrr  diastereomer  relative  i- • the 
unmodified  strains.  However,  the  results  obtained  with  two  test  substrates  known  in  he 
substrates  for  ct-acetoxy  ketone  reductase  showed  no  detectable  difference  between  the 
recombinant  and  parental  strains  ( vide  infra.  Table  2-3).  strongly  suggesting  that  the 
protein  corresponding  to  the  YJRI05w  ORF  is  not  a p-keto  ester  reductase. 

Constmction  of  a Mutant  Sirain  Carrying  the  Deletion  of  the  YJR I OSw 

The  results  obtained  from  over-expressing  the  YJRIOSw  ORF  prompted  the 
design,  construction  and  testing  of  a sirain  carrying  a knock  out  of  YJRIOSw  10  coulirin 
the  notion  that  this  protein  was  not  a p-keto  ester  reductase. 

A mutated  yjrlOSw  allele  was  generated  in  vitro  by  replacing  a 400  bp  internal 
region  in  the  ORF  with  a marker  LEU2  cassette  using  a leucine  auxotroph  starting  sirain 
(Figure  2-2).  In  a first  step,  the  beginning  and  the  end  of  the  YJR105W  ORF  were  PCR- 
amplified  with  primers  that  introduced  suitable  restriction  sites  for  insertion  of  die  tXl'2 
cassette  as  well  as  for  the  release  of  the  final  construct.  The  PCR  products  were  cut  with 
the  appropriate  restriction  enzymes  and  cloned  simultaneously  in  pBC-SK-s  to  yield 
pSRG  1 9.  This  plasmid  carried  a partial  deletion  allele  of  the  YJR  I OSw  with  a Pul  site 
linking  both  extremes  of  the  gene.  This  site  was  used  to  introduce  the  LEl'2  cassette  from 
YEpl3  yielding  the  final  construct  (pSRG20)  in  which  the  internal  part  of  YJRIOSw  ORF 


was  substituted  by  the  LEU2  marker.  The  yjrl05w::LEU2  deletion  cassette  was  released 
from  pSRG20  as  an  Apti  1 - StmiH  I fragment  and  used  directly  for  transformation  of  S. 
cerevlsiae  I5C.  The  homologous  regions  of  this  transforming  linear  DNA  fragment 
guaranteed  high  recombination  efficiency.  The  strains  in  which  replacement  of  the 
chromosomal  YJRI05w  locus  by  the  deletion  mutant  have  occurred  were  selected  in 
leucine-depleted  media.  This  process  resulted  in  several  colonies  from  which  the  new 
strain  JS2  was  further  characterized. 

The  mutant  strain  JS2  carrying  the  yjrl05w::LEU2  deletion  was  characterized  for 
both  the  presence  of  the  YJR  I05w  knock  out  and  absence  of  the  wild  type  allele  by  PCR 
and  southern  blot  techniques.  Genomic  DNA  was  isolated  from  JS2  and  from  the  parental 
strain  ISC.  The  plasmid  pSRG20  containing  the  yjrl05w::l_EU2  construct  w as  used  as  a 
positive  control  in  the  PCR  experiments. 


Figure  2-2.  Construction  of  the  yjrl05w::LEU2  dsDNA  used  lo  generate  JS2  (yeast  strain 
carrying  Ihe  YJRI05W  deletion). 


PCR  character, zatit 


JS2  mui 


A firs!  sei  of  primers  I L2scq3f-L2rev)  was  intended  lo  amplify  a segment  of 
YJRI05w  while  the  second  set  (LeucineFor-L2rev)  was  designed  to  indicate  the 
replacement  of  the  wild  type  allele  by  yjrl05w::LEll2  (Figure  2-31. 


Primer  sei  YJRI05W 


r< 


YJRIOSw  yjrl05vv::LEU2 


Figure  2-3.  Characterization  of  l5C(yjrlQ5w::LEU2)  based  on  PCR  experiments. 


The  results  obtained  from  the  PCR  experiments  with  the  designed  primers  are 
summarized  in  Table  2-1.  The  first  set  of  primers  amplified  a 500  bp  fragment  of  the 
YJRIOSw  when  the  parental  strain  (ISC)  DNA  was  used  as  template:  substitution  of  ilte 
PCR  template  by  JS2  genomic  DNA  resulted  in  no  product  formation,  indicating  ihat  the 


YJRIOSw  wild  type  gene  was  no  longer  present  in  JS2.  The  vjrl05w::LEL'2  construct  in 
pSRG20  was  used  as  comrol  lemplaie  in  ihe  experiment  with  ihc  second  sei  of  primers 
resulting  in  formation  of  a 1000  bp  product.  The  same  result  was  obtained  with  1S2  hut 
not  with  ISC  confirming  the  presence  of  the  yjrl05w::LEU2  insertion  in  the  JS2  genome, 
An  additional  confirmation  was  obtained  by  using  the  set  of  primers  originally  designed 
to  PCR-amplify  the  YJRIOSw  ORF  IL2for-L2rev).  As  expected  a 1000  bp  product  was 
seen  when  using  I5C  DNA  as  template:  however,  substitution  of  the  template  by  either 
pSRG20  or  JS2  yielded  no  PCR  product  since  the  predicted  4500  bp  product  was  loo  long 
to  be  amplified  under  the  experimental  conditions.  The  fact  that  JS2  presented  the  same 
results  as  pSRG20  further  confirmed  that  the  gene  replacement  was  successful  and  that 
tlte  w dd-tvpe  allele  is  absent  from  this  strain. 


Table  2-1.  Characterization  of  l5C(yjrl05w::LEU2i  based  on  PCR  experiments 


taiion  of  the  JS2  muiani  strain 


Two  Southern  bloi  probes  were  employed  10  verify  the  gene  disruption  of  the 
YJRlOSw  ORF.  Probe  I was  designed  10  bind  both  ihe  wild  ivpe  allele  and  the  mutated 
gene,  although  it  would  indicate  differences  in  the  restriction  site  patterns  depending  on 
tire  nature  of  the  YJR105w  locus.  The  probe  was  constructed  by  PCR  amplifying  the 
extreme  of  the  YJRlOSw  gene  that  is  still  present  in  yjrl05w::LEU2 1 Figure  2-4 1.  The 
second  probe  targeted  the  internal  fragment  of  YJRlOSw'  that  was  replaced  by  LET  J in 
JS2.  This  probe  was  designed  to  indicate  the  presence  or  absence  of  the  wild  type  allele 
t Figure  2-4).  The  PCR  primer  L2seq3f  (26bp)  was  used  as  probe  for  this  second 


experiment. 
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Figure  2-4.  Design  of  the  southern  blot  probes  and  characterization  of  the  mutant  JS2. 


Two  enzymes.  EcoR I and  Slid,  that  resulted  in  different  restriction  patterns  for  the 
t and  the  parental  strain  were  used  for  the  digestion  of  I5C  and  JS2  genomic  DNA. 


The  digested  DNAs  were  ran  side  by  side  in  an  agarose  gel.  blotted  into  a nitrocellulose 
membrane  and  hybridized  with  the  probes.  The  results  obtained  arc  presented  in  Figure  2- 
5 and  summarized  in  Table  2-2.  As  expected,  probe  I hybridized  to  both  the  mutant  ( JS2) 
and  the  wild  type  1 150  allele.  The  difference  in  size  in  between  the  hybridized  DNA 
fragments  agreed  with  those  predicted,  confirming  the  replacement  of  the  YJR  It I5w  allele 
by  the  mutated  yjrl05w::LEU2.  The  £coRI  digested  DNA  did  not  hybridize  with  the 
second  probe,  both  for  the  mutant  and  the  wild  type  DNA.  One  possibility  was  that  the 
designed  probe  might  be  too  short  to  form  stable  duplexes,  another  probe  targeting  the 
same  region  was  therefore  constructed  (Probe  HI).  The  Kpnl  - Xcml  fragment  of  the 
cloned  YJRIOSw  inpSRGI  yielded  a 360  bp  probe  for  this  region.  Repeating  the 
Southern  blots  using  Probe  III  still  showed  no  binding  to  genomic  DNA  from  either  strain 
digested  with  £coRi.  Tile  origin  of  these  results  is  not  clear. 

The  absence  of  the  YJRI05w  internal  segment  in  the  JS2  mutant  was  verified 
with  the  results  obtained  with  the  second  probe  and  Sad  digested  genomic  DNA.  As 
predicted,  this  probe  annealed  only  to  the  wild  type  (150  DNA  and  not  to  JS2  indicating 
the  lack  of  the  wild  type  allele  in  the  mutant  strain  4 Figure  2-51. 
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Figure  2-5.  Southern  blot  hybridization  experiments  for  characterization  of  the 
yjrl05w::LEU2  knock  out  in  JS2. 


Table  2-2.  Results  from  the  southern  blot  characterization  of  the  JS2  mutant  strain. 
Comparison  of  expected  and  actual  results  for  the  wild  type  1 150  and  the  mutant  tJS2> 


strain  (Table  2-3),  Moreover,  lieleuon  of  (he  YJR105w  ORF  also  had  no  effect  on  the 


reductions  of  ihe  model  keioncs.  These  results  are  consistent  with  the  notion  that 
YJR105w  has  been  mis-reported  as  encoding  a reductase. 

Table  2-3.  Effects  of  YJRI05w  over-expression  ( 150  pSRG’ll  and  knock  out  tJS2lon 
the  stereoselectivity  of  whole  cell  yeast-mediated  p-keto  ester  reductions. 


The  q-Acetoxv  Ketone  Reductase  Activity  Was  Still  Present  in  JS2 

The  purification  of  a-acetoxy  ketone  reductase  along  with  other  veast  reductases 
has  been  previously  reported  in  the  literature,  and  it  has  been  shown  that  anion  exchange 
chromatography  using  a DEAE  column  dearly  separated  the  three  major  ethyl  J-chloro- 

reduciasc  activity  was  still  present  in  Ihe  knock  out  strain  3S2.  the  elution  profile  of  a 
crude  extract  from  the  mutant  strain  applied  onto  a DEAE  column  was  analyzed  and 
compared  to  that  of  the  parental  strain  and  the  data  reported  by  Nakamura.1"^  These 
results  provided  conclusive  evidence  that  ihe  a-acctoxy  ketone  reductase  activity  was  still 
present  in  a strain  in  which  ihe  YJRIOSw  ORF  was  mutated,  confirming  the  notion  (hat 
YJR  I05w  does  not  encode  this  activity. 

The  mutant  and  parental  strains.  JS2  andl5C.  were  grown  in  large  scale  to  obtain 
a final  mass  of  120-130  g of  wet  cells.  The  cells  were  lysed  and  the  soluble  protein 


extract  was  separated  from  membrane  fractions  by  centrifugation.  Once  dialyzed  and 
concentrated  to  40  mL.  the  crude  extracts  were  applied  to  a DEAE-sephacel  column  1 22  x 
2.5  cm)  equilibrated  with  10  mM  phosphate  buffer  pH  7.  After  washing  the  column  with 
50  mL  of  this  buffer,  the  bound  proteins  were  eluted  with  a linear  gradient  consisting  of 
KCI  (0-0.4  M)  in  a total  volume  of  2 L of  the  equilibration  buffer.  The  presence  of  |i- 
keto  ester  reductase  activity  was  followed  by  spectrophotometric  assays  using  ethyl  4- 
chloro-acetoacetate  as  substrate.  Using  extracts  prepared  from  both  strains,  two  malor 
peaks  with  (i-keto  ester  reductase  activity  were  eluted  at  0.02  and  0.14  M KCI.  Analysis 
of  (i-keto  ester  reductions  catalyzed  by  both  fractions  revealed  the  presence  of  an  L- 
enzyme  with  the  characteristics  of  aldo  keto  reductase  in  the  first  peak  and  those  of  tx- 
acctoxy  ketone  reductase  in  the  second  peak.  The  enzyme  fractions  were  incubated  with 
tile  substrate.  NADPH,  and  a regeneration  system  composed  of  glucose-6-phosphate  and 
glucose-6-phosphatc  dehydrogenase.  After  48  h the  reaction  was  extracted  and  the 
enantio-  or  diastereomeric  excess  was  determined  by  chiral  phase  GC  (Table  2-4 1 The 
first  peak  catalyzed  the  reduction  of  both  substrates  to  yield  either  ethyl  3-lS)-hvdroxy 
butanoatc  or  ethyl  2-(R)-allyl-3-(S)-hydroxy  butanoate  as  the  sole  products.  These  results 
arc  in  agreement  with  the  presence  of  aldo  keto  reductase  (Yprlp)  in  this  fraction1"*1"" 
The  results  obtained  with  the  second  fraction  indicated  that  a mixture  of  enzymes  was 
present;  despite  this,  both  strains  exhibited  the  same  pattern  and  the  major  activity  present 
corresponded  to  a-acetoxy  ketone  reductase.  Reduction  of  ethyl  acetoacetate  with  the 
second  enzyme  fraction  resulted  in  production  of  ethyl  3-(S)-hydroxy  butanoatc  as  the 
major  product  (83  % ee);  die  incomplete  enantioselectivity  probably  arise  from  co-elution 
of  the  D-cnzyme-l,  a minor  (l-keto  ester  reductase  that  has  been  previously  reponed.,,,*s 


The  incomplete  diastercoselectivity  in  the  reduction  of  32b  indicates  that  another  |)-kcto 
ester  reductase  with  similar  activity  to  aldo  keto  reductase  was  co-eluting  with  rr-ucetosy 
ketone  reductase.  This  was  a repealed  observation  during  the  isolation  of  a-acetoxy 
ketone  reductase  and  a clue  that  more  reductases  than  those  previously  reported  in  the 
literature  were  present  in  baker’s  yeast. 


Table  2-4.  Stereoselectivity  of  the  two  major  reductase  fractions  isolated  from  the  mutant 
strain  IS2  and  the  parental  strain  1 5C. 


Peak  1 Peak  2 


>98 ft ee  | 83%ee 


(2R.3SI  c2S.3Sl 


Identification  of  the  Gene  Encoding  ct-Aceioxv  Ketone  Reductase 

The  identification  of  the  gene  encoding  ct-acctoxy  ketone  reductase  was  critical  to 
the  success  of  this  project  since  this  enzyme  is  a major  player  in  the  reductions  of  |l-keto 
esters  by  whole  cells  of  baker's  yeast.  The  enzyme  was  therefore  purified  according  to 
Shieh  and  its  amino  acid  sequence  was  determine  to  unequivocally  show  lhat  it  is  the 
product  of  the  GRE2  gene. 


Punfcaupn  of  Hie  n-Acctoxv  .Kftope  Jlcducrase 

a-Aceioxy  keionc  rcduclo.se  was  purified  300-foid  following  ihe  prou'cn 
described  by  Shieh1-17  with  minor  modifications.  The  dry  yeast  cells  were  washed  with 
water  twice,  suspended  in  cold  lysis  buffer  and  disrupted  in  a French  pressure  cell.  The 
residual  cells  and  membrane  components  were  removed  by  centrifugation  and  the 
mitochondrial  fraction  was  separated  by  ultracentrifugation.  Protein  fractions  were 
precipitated  out  from  the  clear  cell  extract  by  addition  of  t NHal-SOj.  The  50  - SO ' . 
saturation  fractions  containing  all  the  reductase  activity  were  dialyzed  to  eliminate  excess 
salt,  then  the  protein  was  purified  using  several  chromatography  steps,  including  two 
affinity  columns.  The  procedure  is  summarized  in  the  purification  chart  iTable  2-5>  and  a 
description  of  each  step  is  given  below. 


The  dialyzate  from  the  50  - 80  T (NHj);SOj  saturation  fraction  was  applied  to  a 
DEAE-sephacel  column  (54x2.5  cml  equilibrated  with  IOmM  Tris-HCl  (pH  7.5 1.  The 
column  was  eluted  with  150  mL  of  this  buffer  followed  by  a linear  gradient  of  NaCI  i 0 - 
0.5  M ) in  a total  volume  of  I L of  the  original  buffer.  When  the  elution  was  completed 
the  column  was  further  washed  with  the  same  buffer  containing  1M  Na  Cl.  The  proteins 
were  eluted  at  an  average  flow  rate  of  25  mL/h  and  fractions  of  8 mL  were  collected.  The 
matrix  used  for  this  separation  (DEAE-sephacel)  shrank  during  the  elution,  resulting  in 
variable  flow  rales  and  variable  fraction  sizes.  This  problem  could  likely  have  been 
avoided  if  DEAE-sepharose  had  been  used,  as  reported  in  the  original  procedure. 


Three  major  peaks  with  reductase  activity  were  eluted  from  this  column.  The  first 
peak  eluted  before  starling  the  gradient  and  it  was  assigned  to  the  aldo  keto  reductase 
encoded  by  the  YPRI  gene.  The  two  other  peaks  eluted  between  0.2  and  0.3  M NaCl  and 
their  peaks  of  activity  overlapped.  In  order  to  avoid  losing  enzyme,  the  two  peaks 
I fractions  26-5 1 1 were  pooled  togeiher  and  concentrated  by  ultrafiltration.  The  sample 
was  then  dialyzed  overnight  against  4 L of  5mM  potassium  phosphate.  pH  7,3. 

The  diaiyzate  from  the  previous  step  was  loaded  onto  an  Hypatite  C column 
(21x1.5  cm)  previously  equilibrated  with  5mM  potassium  phosphate.  pH  7.5.  A linear 

gradient  of  potassium  phophate  5 mM  - 150  mM.  pH  7.5.  total  volume  500  ml was  used 

to  elute  the  proteins  at  a flow  rate  of  25  mL/h.  Fractions  of  8 mL  were  collected. 

Fractions  with  reductase  activity  were  eluted  from  nearly  the  beginning  of  the  gradient 
almost  up  to  the  end.  This  was  probably  due  to  the  column  being  overloaded  by  the 
amount  of  sample,  although  the  reported  procedure  presented  a similar  behavior. 1 ' As 
expected,  this  step  barely  contributed  to  the  overall  purification;  however,  it  may  have 
been  useful  for  removing  some  protein  that  would  be  difficult  to  remove  by  other  means. 
Despite  the  low  improvement  in  the  purification  obtained  in  this  step,  the  purification  was 
continued  according  to  the  protocol.  Fractions  12-64  were  pooled  and  concentrated  by 
ultrafiltration.  The  buffer  was  changed  by  overnight  dialysis  against  2 L of  20mM  Tris- 
HCI.  50mM  NaCl.  pH  7.5. 

Gel  filtration  chromatography 

A sephacryl  S-200  column  (85x2.5  cm)  previously  equilibrated  with  20mM  Tris- 
HCI.  50mM  NaCl.  pH  7,5  was  loaded  with  the  sample  obtained  after  Hypatite  C 


chromatography.  The  proteins  were  eluted  with  500  mL  of  the  same  buffer  at  a flow  rate 
of  20  mUh  and  fractions  of  10  mL  were  collected.  A big  envelope  of  protein  elution  was 
seen  between  fractions  14  to  30  and  two  major  peaks  with  reductase  activity  were 
observed.  The  first  peak  eluted  between  fractions  15- 18  and  the  second,  major  peak 
eluted  between  fractions  20  and  25.  These  two  peaks  were  primarily  assigned  as  being  a 
D-cmtyme  and  the  a-aceioxy  ketone  reductase  respectively.  The  second  peak  was 
concentrated  by  ultratiltration  and  dialyzed  against  10  mM  Tris-HCl.  pH  7 5 ov  emlght. 

The  sample  from  the  previous  step  was  loaded  onto  a Matrex  Blue  A column 
( 12x1. 5 cm  I equilibrated  with  10  mM  Tris-HCl.  pH  7.5  and  the  column  was  dosed  for  30 
minutes  to  favor  interaction  between  the  dye  and  the  proteins.  The  column  was  then 
washed  with  100  mL  of  the  equilibration  buffer  in  order  to  elute  weakly  binding  proteins. 


column.  The  flow  rate  was  set  at  23  mL/h  and  fractions  of  8 mL  were  collected.  The 


were  pooled  together  and  concentrated  by  ultrafiltration.  The  sample  was  then  dialyzed  to 
change  the  buffer  to  20  mM  sodium  phosphate.  pH  7,5. 

Matrex  Red  A chromatogrnnhv 

A Matrex  Red  A column  ( 12x1.5  cm)  equilibrated  with  20  mM  sodium  phosphate 
(pH  7.5)  was  loaded  with  the  dialyzatc  from  the  previous  step.  The  column  was  closed  lor 


elution  of  the  protein  was  performed  with  a linear  gradient  of  NaCI  (0-0  J M)  in  the  same 


buffer.  Starting  in  fraction  10.  the  enzyme  of  interest  eluted  ail  along  until  fraction  44. 
Fractions  10-32  also  showed  presence  of  the  red  dye  leaching  out  of  the  column, 
explaining  the  early  elution  of  the  enzyme.  Fractions  33-46  eluted  at  the  expected  NttCI 
concentration  and  no  dye  was  present  on  these  fractions.  The  two  sets  of  fractions  were 
concentrated  separately  and  dialyzed  first  against  20  mM  sodium  phosphate  contamine 
0.5  M NaCI  in  order  to  break  the  enzyme  dye  interaction,  then  against  20  mM  sodium 
phosphate.  Both  fractions  were  further  purified  by  a second  Matrcx  Red  A 
chromatography  step. 

For  each  fraction,  the  column  was  equilibrated,  loaded  and  eluted  as  described  in 
the  previous  paragraph.  The  flow  rate  was  set  at  1 2 mUh  and  fractions  of  S mL  were 
collected.  Both  samples  from  the  initial  Matrex  Red-A  chromatography  exhibited 
reductase  activity  in  a protein  peak  eluting  at  0.2  M NaCI.  The  peak  eluted  from  the 
second  column  gave  higher  enzyme  activity  and  it  was  used  for  the  characterization  of 
this  enzyme.  SDS-polyacrylamidc  gel  electrophoresis  of  fractions  28-42  indicated  the 


fractions  with  activity  and  presence  or  absence  of  the  different  bands  established  that  the 
major  band  was  the  only  one  present  in  ail  the  fractions  showing  reductase  activity  and 
that  its  concentration  varied  according  to  the  activity.  Fractions  35-36  were  pooled, 
concentrated  and  used  for  amino  acid  sequencing.  Fractions  28-34  and  37-42  were  pooled 
and  concentrated,  then  this  sample  was  used  to  characterize  the  enantio-  and 
dtastereoselectivity  of  the  isolated  enzyme. 


A summary  of  tile  purification  of  this  reductase  is  shown  in  Tabic  2-5.  The 
procedure  resulted  in  a 300-fold  purification  of  the  enzyme  with  a 2 'fr  overall  yield  (0.73 
mgl.  The  MW  of  38  kDa  is  in  agreement  with  previous  reports.1119-1  and  the  specific 
activity  foreihyl  4-chloro  aceto  acetate  is  of  the  same  order  of  magnitude  as  that  reported 
by  Shieh.li?  From  the  purification  factors  obtained  in  the  different  steps,  it  is  clear  that 
the  major  contributions  to  the  purification  were  provided  by  ihe  anion  exchange  and  the 
affinity  columns.  However,  it  is  important  to  note  that  the  gel  filtration  step  separated  at 
least  two  reductases  still  present  in  the  preparation,  and  this  explains  ihe  lower  specific 
activity  seen  after  this  step.  Allhough  ihe  contribution  of  this  step  is  not  apparent  trom  the 
purification  chart,  it  provided  the  means  for  separating  the  enzyme  of  interest  iront  other 


reductases. 


Slggpscleci)v.iv  and  Substrate  Specificity  atltlRjailMHtfiiame 


The  substrate  specificity  and  the  stereoselectivity  of  the  isolated  ot-aceioxy  ketone 
reductase  were  assayed  with  several  substrates  (Table  2-6).  The  enzyme  was  shown  to 
reduce  acetoacctol  to  1-acetoxy  2-propanol,  suggesting  that  the  enzyme  was  indeed  an  a- 
ucetozy  ketone  reductase.  Only  one  enzyme  from  baker's  yeast  capable  of  reducing  this 
substrate  has  been  reported. 110  This  group  also  showed  that  the  same  enzyme  also 
possessed  the  capability  of  reducing  0-keto  esters  to  yield  the  3S  enantiomer  and  the  «»// 
diastercomer.  10,1 10  The  results  presented  here  strongly  argue  that  the  isolated  enzyme  is 
the  same  as  that  isolated  by  Nakamura. 

Several  ketones  were  used  to  probe  the  behavior  of  the  purified  enzyme  and 
fractions  obtained  during  the  purification.  Some  interesting  conclusions  can  be  derived 
from  these  results  (Table  2-6).  After  anion  exchange  chromatography,  the  major  |)-kcto 
ester  reductase  activity  present  afforded  the  3 S enantiomer  and  the  ami  diastercomer.  in 


stereoselectivity  was  also  present  at  this  stage,  although  it  was  later  removed  by  size 


elution  profile  from  the  gel  filtration  column  indicated  that  this  D-enzymc  has  a larger 


substituted  P-kelo  esters  indicated  that  L-enzymes  yielding  both  the  syn  and  the  i 


Sicrcoseleciiviiv  and  Substrate  Specificity  of  ihe  Isolated  Enzyme 


The  subsiraie  specificity  and  the  stereoselectivity  of  the  isolated  ot-acetoxy  ketone 
reductase  were  assayed  with  several  substrates  (Table  2-6).  The  enzyme  was  shown  to 
reduce  acetoacetol  to  I -acetoxy  2-propanol,  suggesting  that  the  enzyme  was  indeed  an  «- 
acetoxv  ketone  reductase.  Only  one  enzyme  from  baker's  yeast  capable  of  reducing  this 
substrate  has  been  reported. 1 10  This  group  also  showed  that  the  same  enzyme  also 
possessed  the  capability  of  reducing  (i-keto  esters  to  yield  the  3S  enantiomer  and  the  unit 

diasiereomcr. ,u  The  results  presented  here  strongly  argue  that  the  isolated  enzyme  is 

the  same  as  that  isolated  by  Nakamura. 

Several  ketones  were  used  to  probe  the  behavior  of  the  purified  enzyme  and 
tractions  obtained  during  the  purification.  Some  interesting  conclusions  can  be  derived 
from  these  results  (Table  2-6).  After  anion  exchange  chromatography,  the  minor  (i-keto 
ester  reductase  activity  present  afforded  the  3 S enantiomer  and  the  ami  diastcreomer.  m 
line  with  the  notion  that  a-acetoxy  ketone  reductase  was  the  major  reductase  activity. 
However,  further  purification  (gel  filtration)  revealed  that  a second  enzyme  with  opposite 
stereoselectivity  was  also  present  at  this  stage,  although  it  was  later  removed  by  size 


eluted  with  a-accloxy  ketone  reductase  after  anion  exchange  chromatography."*  1 n The 


elution  profile  from  the  gel  filtration  column  indicated  that  this  D-enzymc  has  a larger 
molecular  weight  than  a-aectoxy  ketone  reductase.  This  may  indicate  that  fatty  acid 
synthetase  was  present  in  enzyme  fraction.  In  addition,  the  results  obtained  with  «- 
substituted  (i-keto  esters  indicated  that  L-enzymes  yielding  both  the  s y»  and  the  nun 


diastcromcrs  were  present  in  (he  fraction  obtained  after  anion  exchange  chromatography. 
The  formation  of  the  ami  diastereomer  cannot  be  due  to  a-aceloxv  ketone  reductase  since 
the  two  peaks  of  activity  eluting  from  the  gel  filtration  column  were  clearly  separated. 

The  second  peak  eluting  from  the  gel  filtration  column  showed  the  activity  assigned  to  a- 
acctoxv  ketone  reductase:  it  resulted  in  formation  of  the  35  enantiomer  from  reduction  of 
ethyl  occtoacctatc  and  only  the  ami  diastereomer  when  ethyl  a-allyl-acetoacctatc  was 
used  as  substrate.  However,  the  results  obtained  with  ethyl  ot-propargyl-acetnacctate 
indicate  that  an  L-cnzymc  forming  the  jvn  diasteromer  is  still  co-eluting  with  the  «- 
aceloxy  ketone  reductase.  These  results  underscore  the  complexity  of  this  system  and  the 
difficulties  inherent  in  assigning  catalytic  activities  to  specific  enzymes. 

As  a summary,  after  the  gel  filtration  step  the  presence  of  at  least  three  other 
reductases  was  revealed.  In  the  first  peak,  a D-enzyme  and  an  L-enzvme  yielding  the  ami 
diasteromer  were  present:  the  low  de  associated  with  the  reduction  of  ct-suhstituted  [i- 
keto  esters  suggested  the  presence  of  third  reductase  yielding  the  jvn  diastereomer.  This 
enzyme  activity  was  also  present  in  the  second  peak  co-eluting  with  a-acetoxy  ketone 
reductase,  from  which  it  was  separated  after  the  affinity  columns.  The  presence  ol  this 
third  reductase  eluting  along  both  peaks  of  activity  may  explain  the  differences  in  de 


of  only  two  reductases.  The  results  associated  with  the  reduction  of  the  P-loctam 


The  final  purification  step  yielded  an  enzyme  fraction  with  the  activiiv  attributed 
to  a-acetoxy  ketone  reductase:  however,  the  results  obtained  with  ethyl  a-pmpurgyl 


acctoacetatc  indicated  that  another  minor  contaminating  activity  was  still  present  in  that 
fraction.  As  stated  earlier,  this  fraction  also  reduced  accotacctol  to  l-aeetosy -2-propanol, 
further  confirming  the  assignment  of  this  enzyme. 


Table  2-6.  Substrate  specificity  and  stereoselectivity  of  the  isolated  reductase  and 
different  fractions  along  the  purification  protocol. 


Substrate 

Purification  Step 
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The  enantioselectivity  for  reduction  of  a-substituted  0-kcto  esters  was  always  > 'IS  % 
- Complete  conversion  was  not  achieved. 


Sequencing  of  ihe  rt-Acetoxv  Ketone  Reductase  and  Idenlificalion  oi  the  Gene  Encoding 
this  Acrivilv 

The  proiein  preparation  from  the  Matrox  Red  A column  showed  a major  protein 
band  whose  presence  correlated  with  the  reductase  activity.  Fractions  35  and  5ft. 
containing  the  greatest  amount  of  enzyme  activity  were  pooled  together,  concentrated, 
and  used  for  sequencing.  The  presence  of  two  minor  contaminants  required  further 
purification  of  the  major  band  by  gel  electrophoresis:  the  band  of  interest  was  then  blotted 
into  a PVDF  membrane  and  sent  to  the  University  of  Florida-Protein  Core  for  ^.'-terminal 
sequencing.  The  sequencing  results  indicated  that  the  protein  was  N-terminall\  blocked 
since  no  sequence  was  being  detected  and  the  amino  acid  analysis  indicated  that  the 
amount  of  protein  was  sufficient  to  provide  sequencing  data.  Based  on  these  results, 
another  sample  was  prepared  and  submitted  to  the  Protein  Core  for  internal  sequencing.  A 
sample  containing  400  ug  of  protein  was  purified  in  a SDS-polyacrylamide  cel.  then  the 
major  band  was  cut  out  of  the  gel.  The  sample  was  treated  with  a Lys-C  protease  and  Ihe 
resulting  peptides  were  separated  by  HPLC.  Three  fragments  were  sequenced  and  the 
results  obtained  were  compared  with  the  Saccharamyces  cemisiue  genome  database:  in 
all  three  cases  the  Gre2p  protein  presented  almost  complete  identity  with  the  sequencing 
results  (Figure  2-7).  In  addition,  each  region  of  homology  followed  a lysine  residue, 
which  was  in  agreement  with  the  hydrolysis  protocol  employed.  From  these  results,  ihe  n- 
acctoxy  ketone  reductase  was  identified  as  the  Gre2p  encoded  by  Ihe  nuclear  gene  ORE2. 
A BLAST  search  indicated  strong  similarity  between  Gre2p  and  plant  diliydrothtYonol 


and  cinnamoyi  CoA  reductases,  both  members  of  the  short-chain  alcohol  dehydrogenase 


supcrfamiiy. 


Peak  18 

Query:  1 LDAFDHVFQK  10 

LDAFDHVFQK 

Gre2p:  60  KLDAFDHVFQK  "0 


AAWEFLEENRD+VK 

Gre2p:  174  KAAWEFLEENRDSVK  188 

Peak  25 

Query:  1 FELTAVNXXYVFGPQMF  17  : 

FELTAVN  YVFGPQMF 

Gre2p:  188  KFELTAVNPVYVFGPQMF  205 

1 1 Residues  marked  X could  not  be  identified  due  to  instrument  malfunction!. 

Figure  2-7.  Comparison  of  the  sequencing  data  obtained  for  a-acetoxy  keione  reductase 
and  enzymes  in  the  5.  cerevisiae  genome  database. 


The  ct-acetoxy  ketone  reductase  activity  has  been  previously  assigned  lo  Hie 
hypothetical  protein  encoded  by  the  YJRIOSsv  ORF.  The  experimental  results  presented 


here  demonstrated  conclusively  that  this  assignment  was  incorrect.  The  purification  and 


sequencing  of  the  a-acctoxv  keione  reductase  protein  indicaicd  that  ihis  enzyme  was 
encoded  by  the  GRE2  gene.  The  Gre2p  was  N-ierminally  modified,  which  may  have  led 
lo  the  previous  error:  the  sequence  obtained  was  likely  due  to  some  contaminant  present 
in  the  same  sample. 

The  correct  identification  of  the  gene  encoding  for  the  a-oceioxy  ketone  reductase 
activity  was  essential  for  the  progress  of  the  overall  project  since  it  provided  the  last  piece 
of  information  needed  to  construct  the  modified  yeast  strains.  As  presented  earlier,  the 
genes  encoding  fatty  acid  synthetase  (FAS/ . FAS2)  and  aldo  keto  reductase  < YPR / 1 have 
been  identified.  The  characterization  of  GRE2  allowed  the  construction  of  strains  carrying 
the  over-expression  systems  and  knock  out  of  each  of  these  reductases,  and  the  analysis 
of  their  performance  on  whole  cell-mediated  reductions  of  ff-keto  esters. 


CHAPTER  3 

CONSTRUCTION  OF  THE  FIRST  GENERATION  OF  ENGINEERED  YEAST 
STRAINS  AND  THE  ASSOCIATED  IMPROVEMENTS  IN  ENANTIO-  AND 
DIA  STEREOSELECTIVITY 

The  identification  of  the  genes  encoding  fatty  acid  synthetase,  aldo  keto  reductase 
and  Ct-acetoxy  ketone  reductase  allowed  the  design  of  a first  generation  of  yeast  strains 


Q<3 
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Figure 3-1.  Generals 
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The  absence  of  ihe  competing  enzyme  in  the  new  strain  should  also  result  in  altered 
stereoselectivity. 

The  results  obtained  from  this  first  generation  of  engineered  strains  provided  good 
improvements  in  Ihe  stereoselectivities  of  baker’s  yeast  reductions:  however,  incomplete 
stereoselectivity  was  still  a common  outcome  of  these  biotransformations.  The  results 
obtained  with  the  mutant  strains  uncovered  the  presence  of  more  reductases  in  baker's 
yeast  that  participate  in  the  reductions  of  P-keto  esters.  A comparative  analysis  of  the 
results  provided  a clearer  picture  of  the  role  of  each  reductase  in  whole  cell-mediated 
reduction  of  p-keto  esters  by  baker's  yeast  and  suggested  methods  to  further  improve  the 
stercoselectiviy. 

Over-Expression  of  Fatty  Acid  Synthetase,  Aldo  Keto  Reductase  and  q-Acetuw  Ketone 
Reductase  and  Assocjated.E.ffireis.on  Whole  Cell-Mediated  Reduction  of  |)-Keio  Esters 

The  development  of  strains  with  increased  expression  for  each  of  these  reductases 
was  achieved  by  transformation  of  the  parental  strains  with  vectors  designed  to  over- 
express each  enzyme.  For  fatty  acid  synthetase  and  aldo  keto  reductase,  the  systems  were 
based  on  S.  cerevisiae  expression  vector  pYES2;13s  while  the  expression  system  for  a- 
acetoxy  ketone  reductase  was  based  on  pAAH5.IM  Two  5.  cerevisiae  strains.  InvScI  and 
I5C.  were  initially  used,  although  most  of  the  later  work  focussed  on  ISC.  Strains 
carrying  the  over-expression  plasmids  were  obtained  by  transformation  of  these  parental 
strains  by  the  high  efficiency  lithium  acetate  protocol.147 
Choice  of  Expression  Vectors  for  the  Over-Expression  of  Yeast  Reductases 

Different  types  of  yeast  expression  systems  have  been  devised  by  several  groups 
and  provide  the  starting  point  for  regulated  protein  expression  in  yeast. | These 


different  systems  vary  in  terms  of  stability,  level  of  protein  expression  and  regulation  of 
the  expression.  Three  different  types  of  vectors  present  very  different  copy  numbers, 
which  affects  both  the  stability  and  the  level  of  expressed  protein.  Higher  copy  number  is 
associated  with  larger  protein  production  but  also  lower  stability,  thus  the  best  level  of 
protein  expression  results  from  a compromise  between  these  two  factors.  The  most  stable 
way  to  maintain  introduced  genes  is  by  integration  of  the  entire  plasmid  into  the 
chromosome  by  homologous  recombination.  The  gene  is  then  present  in  only  one  copy, 
which  results  in  very  low  level  of  expression  but  provides  a very  stable  system.1 1,1  ul  The 
ARS-CEN  vectors  also  present  great  stability  due  to  the  presence  of  a centromere  locus. 
These  vectors  are  maintained  at  a copy  number  of  I -2  per  cell,  resulting  in  low  to  mid- 
level of  protein  production,  but  they  present  the  advantage  of  very  high  plasmid  retention 

provides  the  highest  level  of  protein  production  since  it  is  present  in  an  average  number 
of  10-40  per  cell.  However,  since  high  expression  of  a protein  can  be  deleterious  for  the 
cell,  these  plasmids  may  suffer  from  low  stability  and  the  strain  may  need  to  he  grown  in 
a selective  media  to  maintain  the  plasmid.1-19  The  vectors  selected  for  this  project  were 
2pm  vectors  since  a high  level  of  expression  of  the  desired  enzyme  would  more  likely 
overcome  the  competition  by  other  reductases  present  in  yeast.  ARS-CEN'  systems  were 
used  as  an  alternative  when  stability  problems  arose,  as  was  the  case  with  over-expression 
of  fatty  acid  synthetase. 

The  type  of  promoter  present  on  the  system  also  regulates  the  level  of  expression 
and  vectors  with  both  constitutive  and  inducible  promoters  are  available. t.w.Nn.H:  An 
inducible  promoter  offers  the  advantage  that  expression  of  the  enzyme  can  be  controlled 


by  changes  in  growth  conditions,  thus  the  enzyme  can  be  produced  only  when  needed  for 
the  biotransformation.  Among  inducible  promoters.  GAL.  PGK  and  ADHI  respond  to  the 
carbon  source,  while  the  PH05  promoter  responds  to  the  inorganic  phosphate 
concentration. I J,  M2  The  GAL  promoter  is  activated  in  the  presence  of  galactose,  while 
the  PGK  and  ADHI  respond  to  the  presence  of  glucose.  The  vectors  used  along  this  work 
contained  cither  the  GAL  promoter  or  the  ADHI  promoter:  the  selection  of  different 
promoters  for  different  genes  was  based  on  the  finding  that  the  choice  of  carbon  source 
affected  the  endogenous  level  of  competing  yeast  reductases. 

Effect  of  different  carbon  sources  on  whole  cell-mediated  reductions  of  B-keto  esters 

Control  experiments  performed  with  unmodified  yeast  cells  in  media  containing 
cither  glucose  or  galactose  demonstrated  that  the  change  in  carbon  source  had  a strong 
effect  on  the  outcome  of  the  biotransformation.  This  effect  was  first  observed  with  test 
substrates  and  an  extended  analysis  showed  that  it  was  also  observed  in  all  the  other 
substrates  used  in  this  study.  The  outcomes  of  these  experiments  dictated  the  choice  of 
vector  to  be  used  for  the  over-expression  of  the  different  enzymes  so  that  the  natural 
effect  of  the  carbon  source  would  add  to  the  desired  stereoselectivity  of  the  targeted 
protein.  Whether  the  carbon  sources  induced  production  of  endogenous  yeast  enzymes 
with  similar  stereoselectivities  or  repressed  production  of  unwanted  competitors  was  not 
explored  in  detail. 

The  outcomes  of  biotransformations  with  the  yeast  strain  I SC  in  the  presence  of 
the  two  carbon  sources  is  summarized  in  Table  3- 1 . The  presence  of  galactose  in  the 
media  resulted  in  larger  production  of  the  /(-enantiomer,  which  provided  a good 
framework  for  the  over-expression  of  the  "D-cnzymc"  fatty  acid  synthetase.  The  larger 


17% 


effect  of  the  change  in  carbon  source  was  observed  in  the  reduction  of  ethyl  2-allyl 
acetoacctaie.  In  this  case,  the  diastereoselcctivity  was  shifted  from  59  % de  iinrf  to 
dc  syn  when  glucose  was  replaced  by  galactose  (entry  8).  A similar  effect  was  observed 
with  ethyl  2-ethyl  acetoacetate  (entry  7).  These  results  indicated  that  galactose-grown 
cells  provided  the  best  setting  for  the  over-expression  of  aldo  keto  reductase  since  this 
enzyme  also  afforded  the  syn  diastcreomer  from  these  substrates.  Similar  considerations 
resulted  in  the  choice  of  glucose  as  the  carbon  source  for  over-expression  of  the  enzyme 
producing  the  ami  diastcreomer.  ot-acctoxy  ketone  reductase.  Based  on  these  results, 
vectors  containing  the  GAL  promoter  were  used  for  the  over-expression  of  aldo-keto 
reductase  and  fatty  acid  synthetase  while  the  expression  system  for  a-acetoxv  ketone 
reductase  was  based  on  pAAH5.  which  contains  the  ADH1  promoter. 


Figure  3-2.  Substrates  used  for  testing  the  effect  of  the  carbon  source  on  the  whole  cell 
yeast-mediated  li -keto  ester  reductions. 


Tabic  3-1.  Effect  of  the  carbon  source  on  the  stereoselectivity  of  whole  cell-mediated 
yeast  reduction  of  P-kcto  esters. 


Vectors  used  as  the  base  of  the  over-exoression  systems 

Based  on  all  the  previous  considerations,  the  2pm  vectors  pYES2.  pJS35 1 and 
pAAH5  (Figure  3-3)  were  used  as  the  frameworks  for  constructing  the  required 
expression  systems.  The  Invitrogen  plasmid  pYES2  carries  the  GAL  promoter,  the  2pm 
origin  of  replication,  and  the  VRA3  cassette  for  selection  in  5.  cerevisiae  strains 
auxotrophic  for  uracil.  Plasmid  pJS35 1 was  derived  from  pYES2  by  replacing  the  VRAS 
marker  with  H1S3  and  this  construct  was  prepared  by  Dr.  J.  Stewart.  Plasmid  pAAHS  is 
also  a high  copy  number  plasmid  that  carries  the  LEV2  cassette  for  selection  in  yeast 
leucine  auxotrophic  strains  and  gene  expression  is  controlled  by  the  ADH I promoter, 
which  is  induced  by  the  presence  of  glucose  instead  of  galactose  as  in  the  previous  ones. 
This  plasmid  was  generously  provided  by  Dr.  G.  Ammeter.15  All  these  vectors  contain 
the  ampiciltin  resistance  gene  ibla)  and  the  colE  1 origin  of  replication  for  maintenance 
and  cloning  in  £.  colt. 


polylinker 


Figure  3-3.  Vectors  pYES2.  pJS35 1 and  pAAH5,  used  as  frameworks  for  the  construction 
of  the  yeast  reductases  expression  systems. 


expression  plasmids,  one  for  each  subunit  (a  and  P).  The  genes  encoding  both  subunits 


provided  by  Dr.  E.  Schweizer.  Construction  of  several  intermediate  plasmids  was 


necessary  10  allow  the  final  subcloning  of  the  genes  into  pYES2  and  pJS35!  to  furnish 
the  final  expression  constructs  pSRG13  and  pSRGIS.  The  low  stability  associated  with 
these  constructs  prompted  the  subsequent  design  of  ARS-CEN  expression  vectors.  To 
construct  these,  the  cassettes  for  FASI  and  FAS2  were  subcloncd  into  YCpIac  vectors 
l Figure  3-4)  providing  expression  plasmids  pSRG24  and  pSRG22. 


Figure  3-4.  Vectots  YCplac22  and  YCpIac  1 1 1 used  in  the  construction  of  the  laity  acid 
synthetase  ARS-CEN  expression  plasmids. 


The  construction  of  the  first  set  of  expression  plasmids  for  fatly  acid  synthetase  is 
summarized  in  Figures  3-5  and  3-6.  Plasmids  pJS229  and  pJS222  were  used  as  templates 
for  PCR  amplifications  of  fragments  corresponding  to  the  beginning  and  end  of  each 
gene.  This  strategy  avoided  the  amplification  of  large  fragments  with  the  increased 
likelihood  of  introducing  mutations  and  it  allowed  the  incorporation  of  flanking  Xhol  and 


SacI  sites  required  for  the  final  sublconing.  Then,  the  genes  were  reconstructed  in  pBC 
SK<+)  by  subcloning  each  of  the  PCR  products  and  incorporating  the  non-amplihed 
region  of  the  gene.  Finally.  FASI  and  FAS2  were  subcloned  into  pYES2  and  pJS35 1 
resulting  in  pSRG13  and  pSRGIS  respectively. 

This  strategy  required  two  PCR  amplifications  and  the  construction  of  three 
intermediate  plasmids  for  obtaining  each  of  the  final  expression  plasmids.  The  beginning 
of  the  FSlSI  gene  was  PCR  amplified  and  incorporated  as  a Sod.  Psrl  fragment  in  pBC- 
SK(+)  resulting  in  pSRG6.  The  presence  of  the  Xhol  site  downstream  from  the  Psrl  site 
provided  the  framework  for  linking  this  piece  to  the  other  two  fragments  of  the  gene.  The 
3'  end  of  the  FAS1  gene  was  PCR  amplified  and  subcloned  as  a Hpal  Xhol  fragment  into 
pBC  SK(+).  furnishing  pSRG4.  The  presence  of  the  Bgll  site  in  the  cloned  fragment  was 
ased  for  subcloning  it.  along  with  the  BgO.  Psrl  internal  fragment  of  FAS I.  into  pSRG6 
resulting  in  pSRGlO.  This  final  plasmid  contained  the  complete  FASI  gene  with 
appropriate  flanking  restriction  sites  for  subcloning  the  FASI  gene  into  pYES2  to  afford 
pSRG13  (Figure  3-5). 

A similar  strategy  was  used  for  cloning  FAS2  into  pJS35 1 (Figure  3-6).  In  this 
case,  cloning  of  the  3'  portion  of  the  gene  between  the  Psrl  and  Xhol  sites  of  pBC  SK(+> 
provided  the  needed  framework  for  subcloning  the  complete  gene.  The  presence  of  the 
Sad  site  upstream  of  the  Psrl  site  in  pSRG9  allowed  incorporating  the  two  other 
fragments  of  the  gene.  The  5’region  of  the  gene  was  PCR  amplified  and  cloned  into  pBC- 
SK(+),  furnishing  pSRGg.  It  was  then  released  from  pSRG8  as  a Sod.  An  t fragment  and 
subcloned,  along  with  the  internal  Acd,  Psrl  segment  from  pJS222.  into  pSRG9  to 


furnish  pSRG12.  The  presence  of  the  SacI  and  Xhol  siics  flanking  the  gene  in  ihis  final 
plasmid  allowed  for  subcloning  FAS2  into  pJS35 1 io  obtain  pSRG  1 5 (Figure  3-6 1 

The  presence  of  different  selectable  markers  in  pSRG13  and  pSRG  1 5 allowed 
introducing  both  plasmids  into  the  same  strain.  Thus,  transformation  of  InvSc  1 resulted  in 
the  final  yeast  strain  InvScl  (pSRG13.  pSRGIS).  However,  the  presence  of  HISS  as  the 
auxotrophic  marker  in  pSRG  1 5 limited  its  use  to  InvSc  1 since  1 5C  does  not  carry  a liisS 
mutation.  In  order  to  over-express  fatty  acid  synthetase  in  this  strain,  a new  expression 
vector  canying  the  TRPI  auxotrophic  marker  was  constructed.  The  cassette  for 
expression  of  the  FAS2  gene  under  control  of  the  GAL  promoter  was  extracted  from 
pSRG22  with  Sa/1  and  flnmHI.  then  subcloned  between  the  same  restriction  sites  of 
YEplac  1 1 2 resulting  in  pSRG29  ( Figure  3-7).  This  plasmid  along  with  pSRG  1 3 was  used 
to  transform  ISC  furnishing  the  strain  15C(pSRG13.  pSRG29)  for  the  over-expression  of 
fatty  acid  synthetase. 


i 
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Expression  system  based  on  ARS-CEN  vectors 


The  consmiclion  of  ihe  ARS-CEN  based  expression  plasmids  for  FASI 
and  FAS2  is  summarized  in  Figures  3-8  and  3-9.  The  absence  of  any  promoicr  and 
terminator  sequences  in  the  YCpIac  vectors  scries  required  subcloning  the  whole 
cassette,  including  the  GAL  promoter,  the  gene  {FAS I or  FAS2)  and  the  CYCI 

The  subcloning  strategy  for  the  FASI  cassette  involved  the  construction  of 
two  intermediate  plasmids  before  the  final  expression  vector  pSRG24  could  be 
prepared.  The  major  difficulty  associated  with  this  operations  was  the  need  for. 
compatible  restriction  sites  Hanking  the  entire  expression  cassette.  A pBC  SKt+t 
derivative  containing  the  CYCI  terminator  (pJS346>  had  been  previously  prepared 
by  Dr.  J.  Stewart,  and  was  used  as  the  base  far  creating  pSRG2l  (Figure  3-8 1.  The 
GAL  promoter  and  the  FAS1  gene  were  isolated  from  pSRG13  as  Spe i.  Psil  and 
Pst\.  Sph  1 fragments,  respectively.  Ligation  of  these  two  fragments  into  the  S/tcl. 
Spill  sites  of  pJS346  resulted  in  pSRG21.  Note  that  the  presence  of  an  internal 
Spe  I site  within  FASI  required  this  complex  method.  In  this  vector,  the  FAS  I 
cassette  containing  both  promoter  and  terminator  was  flanked  by  BssHU  sites.  A 
YCpIac  1 1 1 derivative  was  therefore  created  with  a fl.uHlI  site  within  the 
polylinker  by  introducing  an  oligonucleotide  with  the  appropriate  sequence 
between  the  Kpnl  and  EcoRI  sites  of  the  YCpIac  1 1 1 polylinker  (Figure  3-8. 
corn. I.  The  resulting  plasmid.  pSRG23.  was  used  for  subcloning  the  FASI  cassette 
extracted  from  pSRG2l  as  a RrsHlI  fragment,  providing  the  final  expression 
vector  pSRG24. 


The  consiruciion  of  pSRG22.  an  ARS-CEN  based  expression  system  for 
FAS2  was  much  simpler  (Figure  3-9),  The  GAL  promoter  along  wiih  ihe  gene  was 
released  from  pSRGIS  as  a Spe I.  Xliol  cassetle.  The  CYCI  terminator  was 
isolated  as  a Xhol,  Spe  I fragment  from  pJS347  fa  vector  containing  Ihe  GAL 
promoter  and  CYC  terminator  that  was  prepared  by  Dr.  J.  Stewart).  Both 
fragments  were  subcloned  into  the  Xbal  site  of  YCplac22  (since  Xba I and  Spe  I 
generate  compatible  cohesive  ends). 

The  generated  ARS-CEN  expression  systems.  pSRG22  and  pSRG24. 
carried  different  selectable  markers  what  allowed  introducing  both  plasmids  into 
the  same  strain.  Transformation  of  ISC  and  InvScI  resulted  in  iwo  new  strains  for 
Ihe  expression  of  fatty  acid  synthetase.  I5C  (pSRG22.  pSRG24)  and  InvScI 
(pSRG22.  pSRG24).  The  new  recombinant  strains  were  very  stable,  and  87rr  of 
the  cells  carried  boih  plasmids  after  24  h of  growth  on  non-selective  media. 


Construction  pf  an  Qvcr-.Es.pression  System  for  Aldo  Kc|p  Reduces; 

The  expression  plasmid  for  this  enzyme  (pSRG14)  was  derived  from  the  yeast 
expression  vector  pYES2,  and  its  construction  is  summarized  in  Figure  3-10.  The  YPR1 
gene  was  PCR  amplified  from  S.  cerevisiae  genomic  DNA  with  primers  that  incorporated 
suitable  restriction  sites  for  the  cloning  strategy.  After  amplification  and  digeslion  with 
Sod  and  Xbat  the  gene  was  cloned  into  these  sites  in  pUCIS.  providing  pSRG  1 1 . The 
expression  plasmid.  pSRGI4.  was  created  by  subcloning  the  YPRI  gene  as  a Sucl.  Spltl 
cassette  between  the  same  sites  in  pYES2.  This  vector  was  used  for  transformation  of 
15C  and  InvScl  insulting  in  engineered  strains  15C(pSRGI4)  and  lnvScl(pSRGI4).  Both 
strains  exhibited  good  stability.  In  the  case  of  I5C  (pSRG!4>,  83  % of  the  cells  retained 
the  plasmid  after  24  h of  incubation  under  non-selective  conditions.  This  strain  was 
chosen  to  probe  the  effect  of  aldo  keto  reductase  over-expression  on  whole  cell-mediated 
reductions  of  p-keto  esters. 
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Figure  3-10.  Consuuclion  of  an  expression  plasmid  for  aldo  keto  reductase.  pSRG  14. 


Construction  of  an  Over-Expression  System  for  q-Acctoxv  Ketone  Reductase 

The  expression  plasmid  for  o-aceloxy  ketone  reductase  <pSRG4 1 ) was  derived 
from  die  yeast  expression  vector  pAAHS.  and  its  construction  is  summarized  in  Figure  3- 
1 1 . The  CRE2  gene  was  PCR -amplified  from  S.  cerevisiae  genomic  DNA  with  primers 


dial  incorporated  suitable  restriction  sites  Ranking  the  gene.  The  originally-designed 
primers  failed  to  amplify  the  GRE2  gene,  so  the  reverse  primer  was  then  modified  to 
anneal  70  bp  after  the  end  of  the  gene  to  avoid  the  possibility  of  hairpin  loop  formation 
present  in  the  original  primer.  After  amplification  and  restriction  enzyme  digestion,  the 

the  expression  vector  pSRG4l.  This  vector  was  used  for  transformation  of  15C  resulting 
in  the  engineered  yeast  strain  15C(pSRG4l). 
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The  strains  constructed  for  over-expression  of  fatty  acid  synthetase,  uldo  keto 


reductase  and  a-acetoxy  ketone  reductase  were  tested  for  stereoselectivities  in  whole  cell- 


cells  were  grown  in  minimum  media  with  Ihc  appropriaie  supplement  and  2r!  glucose. 
The  cells  were  then  collected  by  centrifugation,  washed  with  buffer,  resuspended  at  a 
concentration  of  0.1  g/mLin  buffer  with  15%  glycerol,  and  stored  at  -80  :C. 
Biotransformations  were  performed  in  YP  containing  2%  of  the  desired  carbon  source 
that  induced  gene  expression  and  10  mM  substrate.  Freshly  prepared  or  frozen  cells  were 
added  to  a final  concentration  of  2 mg/mL  at  the  start  of  the  reaction,  and  the  progress 
was  monitored  by  GC.  Unless  otherwise  stated,  the  reactions  were  run  to  completion  and 
the  final  enantiomeric  and  diostcromeric  excess  values  were  determined  by  chiral  GC. 

Effect  of  Fatty  Acid  Synthetase  Over-Expression  on  the  Enantioselcctiviiics  nlAVhole 
Cell-Mediated  R-Kcto  Ester  Reductions 

The  strains  over-expressing  fatty  acid  synthetase  were  tested  for  reduction  of  ethyl 
3-oxo  pentanoate  and  the  results  are  presented  in  Table  3-2.  As  expected,  over-expression 
of  fatty  acid  synthetase  increased  the  amount  of  R-enantiomer  formed,  which  was  the 
major  isomer  in  all  cases.  The  associated  improvement  of  10  - 15  % in  the  enantiomeric 
excess,  although  good,  was  lower  than  expected.  Despite  the  high  stability  associated 
with  the  ARS-CEN  plasmids,  the  strains  carrying  these  plasmids  gave  lower 
improvements  in  enantioselectivity  tenures  2 and  6).  perhaps  because  of  low  levels  of 
enzyme  production.  Tile  remaining  strains  carried  high  copy  number  plasmids,  which  are 
usually  associated  with  very  effective  enzyme  expression.  Unfortunately,  this  advantage 
was  undermined  by  the  low  stability  of  these  systems  and  only  12  % of  the  cells  retained 
both  plasmids  after  24  h (the  time  required  for  the  biotransformation:  entries  2 and  7). 

A surprising  result  was  obtained  from  InvScI  (pSRGIS).  Despite  the  fact  that  this 
strain  over-expressed  only  the  fatty  acid  synthetase  o subunit,  it  gave  a significant 


improvement  in  cnantioselcctivity  (entry  4).  Considering  Ule  differences  in  plasmid 
retention,  the  improvement  is  comparable  to  that  observed  for  InvScl  (pSRGI  3. 
pSRGIS).  This  result  suggests  that  the  a subunit  is  active  on  its  own  or  (hat  its  over- 
expression  induced  the  production  of  the  [1  subunit.  Biosynthetic  control  on  the 
production  of  the  fatty  acid  subunits  has  been  suggested  earlier.1" 


Table  3-2.  Effect  of  the  over-expression  of  fatty  acid  synthetase  on  the  cnantiosclectivity 
of  ethyl  3-oxo  pemanoate  whole  cell-mediated  reduction. 


InvScl  (pSRG22,  pSR024) 


InvScl  (pSRGI3,pSRGI5) 


ISC  (pSRG22.  pSRG24) 


15C  (pSRG13,  pSRG29) 


The  preliminary  results  indicated  that  the  2pm  based  plasmids  provided  the  best 
over-expression  systems.  To  overcome  the  problem  of  low  plasmid  retention  observed 
during  the  biotransformations.  the  experiments  were  repeated  in  selective  media.  The 
cells  were  pre-grown  in  selective  media  to  guarantee  that  most  of  the  cells  would  contain 
the  plasmids  at  the  beginning  of  the  biotransformation.  Biotransformations  were  tried  in 
both  YP-galactosc  (non-selective  media)  and  SD-galactose  (selective  media)  and  the 


presented  there  for  comparison  (entries  2 and  5). 


Growing  the  preculture  in  selective  media  had  a profound  effect  on  the  outcome 
of  the  biotransformations  clearly  indicating  that  low  plasmid  retention  during  the 
preparation  of  the  cells  was  a major  problem.  Interestingly,  the  use  of  selective  media 
during  the  biotransformation  did  not  provide  further  improvements,  which  seemed  to 
have  a limit  of  88  % ee  tcntrics  3. 4 and  7.8).  This  could  be  caused  cither  by  low  intrinsic 
enanuosclectivity  of  fatty  acid  synthetase  towards  this  substrate,  or  by  very  tight  control 
of  FAS  expression  in  yeast,  that  limited  its  total  production. 


Table  3-3.  Effect  of  the  over-expressing  fatty  acid  synthetase  on  the  enantioselectivity  of 
ethyl  3-oxo  pcntanoate  whole  cell-mediated  reductions.  Influence  of  different  growth 


Preculture  Biotransformation 


lnvScI(pSRG13.pSRG15) 


InvScl  tpSRGI3.  pSRGIS) 


InvScl  tpSRG  1 3,  pSRG  1 5) 


ISC  (pSRG13.  pSRG29> 


I5C  (pSRG13.  pSRG29) 


ISC  <pSRG13.  pSRG29) 


Despite  the  stability  problems  associated  with  systems  over-expressing  fatly  acid 
synthetase,  some  improvements  in  the  enantioselectivity  were  achieved.  Moreover,  the 
results  obtained  by  over-producing  only  the  a subunit  suggested  a simpler  strategy  that 
could  still  give  useful  improvements  in  stereoselectivity.  However,  since  many  problems 
were  associated  with  the  over-expression  of  fatty  acid  synthetase,  it  was  considered  that 
better  results  might  be  possible  by  knocking  out  competing  enzymes. 


Effel.af-AJ.do  Keto  Rcduc(asc  Over-Expression  on  Ihc  Sleieoselecli vil'cs  of  Whoje-Cell; 
Medialed  B-Keto  Ester  Reductions 


Strain  ISC  (pSRGM)  over-expressing  aldo  keto  reductase  was  used  for  tile 
reductions  of  several  [i-kelo  esters  and  the  results  are  presented  in  Table  3-4. 

As  expeoted.  this  strain  produced  significantly  more  (S)-alcohol  than  the  unmodified 
strain.  It  also  provided  very  high  cnantiosclcctivitics  in  the  reductions  of  33a  and  33c 
(entries  I and  3),  Reduction  of  the  other  non-substituted  |S-keto  esters  with  this  strain  still 
yielded  the  (fi)-nlcohols  as  tile  major  product  (entries  2, 4 and  5),  although  tile  over- 
expression  of  aldo  keto  reductase  at  least  doubled  the  production  of  the  (S)-alcohol  for 
substrates  33b  and  d.  which  constitutes  a significant  change.  The  effects  of  altering  the 
level  of  aldo-kcto  reductase  were  demonstrated  more  clearly  when  cr-substituted-P-keto 
esters  were  used  as  substrates,  since  this  enzyme  produces  the  syn  diasteromers.  whereas 
others  (primarily  a-acetoxy  ketone  reductase)  afford  the  anti  alcohols.  As  expected,  the 
aldo-kcto  reductase  over-expression  strain  resulted  in  a high  production  of  the  syn 
diasteromcr  from  substrates  33f-i  (entries  6 and  9).  The  increase  in  diastcreomcric  excess 
compared  to  the  control  was  higher  for  larger  a substituents  and  reduction  of  33i  with  this 
strain  yielded  only  one  of  the  four  possible  diasteromers,  nicely  illustrating  the  power  of 
the  engineered  yeast  strategy. 

Effect  of  o-Acctoxv  Ketone  Reductase  Over-Expression  in  the  Stereoselectivity  of  Whole 
Cell-Medialed  B-Kcln  F.sler  Rcduclion 

The  strain  over-expressing  a-acetoxy  keionc  reductase.  I5C  (pSRG4l ),  was  tested 
for  the  reductions  of  several  jl-keto  esters  and  ihc  results  are  presented  in  Table  3-5.  The 


over-expression  of  (his  enzyme  had  a large  impact  on  the  outcomes  of  whole  cell- 


mediated  reductions,  favoring  the  production  of  (3)-alcohol  and  the  ami  diastereomer. 


Table  3-4.  Effect  of  aldo  keto  reductase  over-expression  on  whole  cell-mediated 
reduction  of  p-keto  esters. 


Only  one  enantiomer  was  obtained  from  the  reduction  of  33a  and  c.  providing  a 
very  useful  biocatalyst  for  reductions  of  these  two  substrates.  An  even  more  impressive 
improvement  was  obtained  with  substrates  33b  and  d,  where  the  stereoselectivities  of  the 
reactions  were  shifted  to  yield  the  (5)-aicohol  as  the  major  products  with  enantiomeric 
excess  values  that  showed  that  five  times  more  (5)-enantiomer  was  produced.  In  the  case 
of  ketone  33e.  the  (ft)-alcohol  was  the  major  product  upon  reduction  with  the  engineered 
strain;  however,  the  production  of  32  % (5)-enantiomer  was  achieved  front  a substrate 
that  was  only  reduced  to  the  f/f)-alcohol  by  unmodified  baker’s  yeast. 

The  effects  of  increasing  the  level  of  a-acetoxy  ketone  reductase  in  1 5C 
<pSRG4l ) were  also  observed  with  a-substituted  P-kcto  esters.  With  the  exception  of 
substrate  33f.  the  ami  diastereomer  was  the  major  product  from  all  of  these 


biotransformations.  The  results  with  substrate  33f  were  not  surprising  since  previous 
repons  indicated  that  purified  a-acetoxy  ketone  reductase  reduced  this  substrate  to  yield 
the  syn  diastereomcr  in  64-80  % de.60-108  Similarly  to  the  results  obtained  with  aldo  keto 
reductase,  stronger  effects  on  the  diastercoselectivity  were  associated  with  larger  a- 
substituents.  The  reduction  of  33h  and  i with  this  strain  resulted  in  formation  of  only  the 
2 5,  35  ami  diastereomcr.  introducing  two  chiral  centers  in  a single  reaction. 


Table  3-5.  Effect  of  a-acetoxy  ketone  reductase  over-expression  on  whole  cell-mediated 


over-expression  of  a-acetoxy  ketone  reductase,  the  rates  of  the  bioiransformalions  were 
also  affected  significantly.  The  examples  presented  in  Figure  3- 1 3 nicely  illustrate  how 
the  over-expression  of  this  enzyme  resulted  in  an  increased  rate  of  reduction  and  the 
reactions  were  completed  in  less  than  half  the  lime  required  for  control  strains.  The 
presence  of  the  ADH 1 promoter  in  this  system  compared  to  the  GAL  promoter  in  the 
previous  ones  could  explain  this  different  rate  of  conversion.  The  over-expression  from  a 


system  with  the  ADH I promoter  starts  earlier  than  that  one  with  the  GAL  promoter-  -ince 
the  latter  presents  a lag  period  of  around  six  hours-1-’9 


Figure  3-13.  Comparative  rate  of  p-keto  ester  reduction  by  the  designed  yeast  I SC 
(pSRG4l ) and  the  parental  strain  ISC. 


Strains  Carrying  Deletions  of  each  Reductase  and  Analysis  of  the  Associated  Effects  on 
Whole  Cell-Mediated  Reductions  of  B-Keto  Esters 

A parallel  approach  to  the  creation  of  yeast  strains  with  improved  stereoselectivity 
was  based  on  the  use  of  mutants  that  lacked  a specific  reductase  activity.  The  ubscncc  of 
one  of  the  competing  enzymes  should  affect  the  outcome  of  the  reaction.  The  mutant 
strains  were  analyzed  for  changes  in  the  enantio-  and  diastereoselectivities  of  p-keto  ester 
reductions  with  the  same  set  of  substrates  used  to  test  their  over-expression.  The  results 


obtained  from  these  mutants  also  helped  in  understanding  the  role  that  each  enzyme  plays 
in  whole  cell-mediated  reductions  of  (J-kcto  esters. 

Obtaining  Mutant  Strains  Defective  in  Fatly  Acid  Synthetase,  Aldo  Keto  Reductase  and 
rr-Acetoxv  Ketone  Reductase. 

A strain  defective  in  fatty  acid  biosynthesis  with  a mutation  previously  shown  10 
be  associated  with  the  reductase  activity  of  fatty  acid  synthetase  was  obtained  from  the 
American  Type  Culture  Collection  ( ATCC26403).94  This  mutation  was  noi  characterized 
further  and  the  strain  was  used  in  the  initial  phases  of  these  studies.  A complete  5/<rs2 
deletion  was  utilized  after  it  became  commercially  available,  since  these  strains  offer  a 
genetically  stable  and  well-defined  background.  This  strain  was  obtained  from  Research 
Genetics  as  a diploid.  A haploid  derivative  (2B)  was  obtained  by  sporulation  of  lire 
diploid.  A 15C  mutant  carrying  a deletion  of  the  YPRI  gene  was  constructed  by  direct 
gene  replacement,  and  its  construction  is  described  below.  Finally,  ihe  mutani  strum 
carrying  a deletion  of  the  GRE2  gene  was  purchased  from  the  Euroscarf  consortium. 
Construction  of  2B.  a A fas2  Haploid  Strain 

This  strain  was  obtained  by  sporulation  of  a heterozygous  diploid  strain,  followed 
by  spore  dissection  and  screening  for  colonics  unable  to  grow  in  the  absence  of 
exogenous  fatty  acids.  The  diploid  strain.  21061.  carries  a deletion  of  one  of  die  FAS2 
alleles  in  which  the  gene  was  replaced  by  the  cassette  encoding  geneticin  resistance.  This 
strain  was  first  plated  in  pre-sporulation  media  for  24  h,  then  subcultured  onto  sporulation 
media.  Spores  developed  after  15-18  days.  A very  low  efficiency  of  sporulation  was 
delected  and  only  10  56  of  the  cells  formed  spores.  The  experiment  was  repeated  three 
times  with  the  same  outcome.  Five  ascospores  were  dissected  through  micromanipulation 


and  plated  in  YPD  supplemented  wiih  fatty  acids.  The  master  plate  containing  the  spore 
progeny  was  replica  plated  onto  two  different  selective  media  for  screening.  The  spores 
carrying  the  fas2::kanMX4  gene  replacement  were  able  to  grow  in  the  presence  of 
gcneticin  but  were  unable  to  grow  in  the  absence  of  fatty  acids.  Spore  2B  exhibited  the 
expected  phenotype  and  was  selected  for  studies  on  the  effect  of  this  mutation  on  (J-keto 
esters  reductions  and  the  results  obtained  in  those  studies  ( vide  infra)  further  confirmed 
the  Afas2  phenotype. 

Construction  of  a Strain  Defective  in  Aldo  Kelo  Reductase 

A 1 5C  mutant  strain  carrying  a deletion  of  the  YPRI  gene  that  cncodesarldo  keto 
reductase  was  created  by  the  micro-homology  PCR-mcdiaicd  gene  disruption.1  5"i-is,us 
Two  PCR  primers  were  designed  in  which  the  sequence  of  the  first  35  bases  was  derived 
from  the  beginning  or  end  of  the  YPRI  gene  while  the  remainder  was  designed  to  amplify 
a URA3  cassette.  These  primers  were  used  for  PCR  amplification  of  the  LIRAS  cassette 
resulting  in  a linear  DNA  fragment  coniaining  the  LIRAS  cassette  flanked  by  35  bases  of 
sequence  homology  to  the  ends  of  the  YPRI  gene.  Transformation  of  I5C  with  this  PCR 
product  was  performed  by  the  high  efficiency  lithium  acetate  protocol  with  selection  for 
uracil  prototrophy.147  The  low  frequency  of  the  micro-homology  recombination  event 
required  larger  amounts  of  DNA  than  those  normally  used  with  this  transformation 
technique.  Transformation  with  90. 450  and  900  ng  of  DNA  resulted  in  one.  seven  and  1 8 
transformants  respectively. 

The  new  strains  were  fust  assayed  for  the  ability  to  reduce  ethyl  a-allyl 
acetoacetate  to  detect  those  unable  to  produce  aldo  keto  reductase.  Most  transformants 
reduced  this  compound  with  a stereoselectivity  similar  to  the  parental  strain  (60  '<  de. 


anti)  presumably  reflecting  illegitimate  recombination:  however.  25  % of  the  screened 
colonics  produced  more  ami  diastereomer  (83  % de,  ami ) suggesting  the  absence  of  aldo 
keto  reductase. 

Mutant  strain  JS3  was  characterized  for  presence  of  the  desired  knock  out  and  the 
absence  of  the  wild  type  allele  by  both  PCR  and  Southern  blot  techniques.  Genomic  DNA 
was  isolated  from  JS3  for  the  characterization  of  the  deletion  and  from  ISC.  the  parental 
strain,  for  the  control  experiments. 

.^Rj:.haractenza.lion  of  ihc.JS3  mutant  strain 

The  first  set  of  primers  (LI  for- YPRlsccflf)  was  designed  to  amplify  a segment  of 
wild  type  YPRI-.  the  second  set  (Llfor-Llrev)  was  designed  to  indicate  the  replacement  of 
the  wild  type  allele  by  yprl::URA3  by  restriction  enzyme  analysis  of  the  PCR  product 
(Figure  3-14). 


Llfor/ YPRIseq2f 


i“  1“ 

C(ul  (no  April  site)  (no  Clui  sito 


Figure  3*14.  Characterization  of  JS3  (\5C(yprl::URA3))  based  on  PCR  experiments. 

The  results  obtained  from  the  PCR  experiments  with  the  two  primer  sets  arc 
summarized  in  Tabie  3-6.  The  first  set  of  primers  amplified  a 700  bp  fragment  of  the 
YPRI  gene  when  genomic  DNA  prepared  from  the  parental  strain  (150  DNA  was  used 
as  template;  substitution  of  the  PCR  template  by  JS3  genomic  DNA  resulted  in  no 
product  formation  indicating  that  the  YPRI  wild  type  allele  was  not  present  in  JS3.  The 
gene  replacement  was  confirmed  by  using  the  set  of  primers  originally  designed  to  PCR 
amplify  the  YPRI  gene  (Llfor-Llrev).  These  primers  amplified  both  the  wild  type  allele 
and  the  deleted  version  of  the  gene  resulting  in  PCR  products  of  similar  sizes.  The 
difference  in  restriction  enzyme  patterns  was  used  to  identity  the  nature  of  the  PCR 
products.  Digestion  with  Clal  produced  two  fragments  of  430  and  540  bases  from  the 


15C  PCR  product  while  it  left  the  JS3  product  uncut.  The  reverse  result  was  observed 
when  both  fragments  were  incubated  with  Apal:  this  enzyme  cut  the  JS3  product  hut  left 
the  15C  product  intact.  All  these  results  indicated  that  the  YPRI  gene  deletion  was 
successful  in  the  JS3  mutant  strain. 


Table  3-6.  Characterization  of  JS3  (!5C(yprl::URA3))  based  on  PCR  experiments. 


Template  for  the  PCR  experiment 


LI  for 


LI  for 
LIfor 


YPRIseq2f 

Llrev 


Llrev 


700  bp 
400  + 560  bp 
970  bp 


no  product 
1050  bp 
450  + 600  bp 


Southern  blot  characterization  of  the  JS3  mutant  strain 

Two  southern  blot  probes  were  employed  to  further  verify  the  gene  disruption. 

The  first  probe  targeted  the  internal  fragment  of  YPRI  that  was  replaced  by  URA.<  in  JS3. 
this  probe  would  indicate  presence  or  absence  of  the  wild  type  allele  (Figure  3- 15).  Probe 
II  was  designed  to  bind  the  URA3  gene  that  replaced  the  YPRI  gene  (Figure  3-15).  the 
restriction  enzyme  pattern  will  indicate  whether  the  URA3  gene  was  present  in  the  YPRI 


Probe  design: 


genomic  DNA.  The  digested  DNAs  were  run  side  by  side  in  an  agarose  gel.  blotted  onto  a 


presented  in  Figure  3-16  and  summarized  in  Table  3-7. 

As  expected,  probe  I hybridized  only  to  the  parental  strain  and  not  to  the  mutant. 

URA3  cassette  in  the  YPRI  loci  was  confirmed  with  the  second  probe.  Despite  the 
presence  of  a small  background  signal  probably  associated  with  the  ura3-AS2  allele,  the 

Gel  Probe  I Probe  It. 


A - MW  marker  ©X174  DNA  -tfaeM  digested) 

B - MW  marker  (Lambda  DNA  flinDHI  digested) 

C - 15C  DNA  -Ctrl  digested  F - JS3  DNA  -CTul  digested 

D - 1 5C  DN A -EccRV  digested  G - JS3  DN A -EcoRV  digested 

E - 1 5C  DNA  -EcoRl  digested  H - JS3  DNA  -EcoRI  digested 


yprl::URA3  luiock  out  in  JS3.  ** 


Analysis  of  B-Kcio  Esler .Reductions  by  Whole  Cells  of  Knock  oul  Mutam  Yeast  Strains 
for  characterization  of  the  over-expression  strains  (Figure  3- 12).  Strain  2B.  lacking  fatty 


IbyGC. 


Reductions  using  ATCC26403  and  2B.  Mutant  Slrains  Lacking  Failv  Acid  Synthetase 
Activity  — 

Preliminary  results  were  obtained  using  ATCC26403.  This  strain  was  tested  for 
the  reduction  of  ethyl  3-oxo  pentanoate.  which  yields  the  (R)-enamiomcr  as  the  major 
product  when  reduced  by  unmodified  baker's  yeast.  Substitution  for  ATCC26403 
switched  the  enantioselectivity  so  that  the  (Si-alcohol  was  instead  produced  in  88  % 
enantiomeric  excess.  On  the  other  hand,  when  this  substrate  was  reduced  with  2B.  which 
carries  a complete  d/us2  deletion,  an  even  better  improvement  was  obtained  with  an 
enantioselectivity  greater  than  98%,  This  difference  could  be  related  to  the  different  types 
of  mutations  or  to  the  different  parental  strains  used  to  construct  each  mutant.  Given  its 
higher  selectivity,  the  2B  strain  was  used  for  the  rest  of  our  studies.  This  strain  was  used 
to  reduce  ketones  33a-e  and  the  results  arc  summarized  in  Table  3-8.  The  absence  of  fatty 
acid  synthetase  in  this  strain  resulted  in  very  high  enantioselectivities  toward  the 
production  of  the  (5)-alcohols.  Moreover,  the  results  obtained  with  substrates  33d  and  e 
indicate  that  fatty  acid  synthetase  may  be  the  only  enzyme  involved  in  the  reductions  of 
these  substrates  to  yield  the  (R)-enantiomer.  That  is  not  the  case  for  substrates  33b  and  c. 
however,  since  production  of  small  amounts  of  the  (R)-alcohol  was  still  detected.  The 
effect  of  the  mutation  was  also  noticeable  in  the  biotransfotmation  rate.  Reductions 
involving  fas2  knock  out  strains  required  48  h to  reach  completion  whereas  the  control 
strain  reactions  were  complete  within  24*36  h. 


Table  3-8.  Effect  of  the  fatty  acid  synthetase  absence  on  whole  ccTl-btediatcd  reductions 
of  3-kcto  esters. 


Incomplete  conversion  was  observed  with  these  substrates  (91  % and  93  9t. 
respectively,  after  48  h) 


Biotransfonnations  with  JS3.  a Strain  Lacking  Aldo  Kcto  Reductase 

When  the  strain  lacking  aldo-keto  reductase  was  used  to  reduce  ketones  33a-e. 
only  a small  decrease  in  the  amount  of  (5)-alcohol  was  observed  (Table  3-9),  These 
results  indicated  that  either  this  enzyme  contributes  little  to  the  reduction  of  these 
substrates  in  wild-type  cells,  or  its  absence  is  compensated  for  by  the  yeast  cell.  By 
contrast,  the  absence  of  this  reductase  had  a large  impact  on  the  diastereoscicctivities  of 
reductions  of  33f-i  (Table  3-9).  As  expected,  larger  amounts  of  the  2S,3S-anli 
diasteromers  were  produced  when  the  mutant  strain  lacking  the  aldo-keto  reductase  was 
used  for  reduction  of  substrates  33f-i  However,  the  2fl.3S-.twi  diasteromers  were  still 
produced,  indicating  the  presence  of  other  enzyme(s)  with  the  same  stereospecificity  as 
aldo  keto  reductase.  Two  other  yeast  reductases  with  similar  diastereoselectivity  have 
been  identified  (see  Chapter  5)  and  may  be  associated  with  these  results. 


Tabic  3-9.  Characterization  of  JS3  (mutant  strain  lacking  aldo  kelo  reductase i l«r  whole 
cell-mediated  reductions  of  (S-keto  esters. 


respectively,  after  48  hi 


Btotransformalions  with  I0495B.  Mutant  Strain  Lacking  q-Aceiosv  Ketone  Retluetase 

Strain  I0495B.  lacking  a-acetoxy  ketone  reductase,  was  tested  for  the  reductions 
of  several  [i-keto  esters  and  the  results  are  presented  in  Table  3-10.  The  absence  of  this 
enzyme  affected  the  outcomes  of  whole  cell-mediated  reductions  for  non-sobstitutcd  as 
well  as  substituted  p-keto  esters.  As  expected,  a significant  decrease  in  the  amount  of  tSV 
alcohol  was  observed  when  the  mutant  strain  was  used  to  reduce  substrates  33u.  c and  d. 
demonstrating  the  contribution  of  this  enzyme  to  these  reductions  in  wild-ivpe  cells. 

Surprisingly,  the  opposite  effect  was  seen  when  substrates  33b  and  e were  reduced 
by  this  knock  out  strain.  For  these  two  ketones,  production  of  more  tSl-cnantiomer  was 
detected.  This  result  was  reproduced  several  times  and  could  not  be  explained  simply  by 
the  absence  of  a-acetoxy  ketone  reductase,  since  this  enzyme  is  known  to  reduce  these 
two  ketones  to  the  l5)-n!cohols.  This  behavior  was  confirmed  by  over-expressing  this 


enzyme  as  well.  An  unexpected  result  was  also  observed  for  the  reduction  of  33T.  Which 
resulted  in  production  of  more  anti  diastereomer.  The  more  likely  explanation  for  these 
outcomes  is  that  the  yeast  cells  counteract  the  absence  of  tx-acctoxy  ketone  reductase  by 
over-expressing  one  or  more  reductases. 

The  results  obtained  for  the  reductions  of  substrates  33g-i  nicely  illustrated  the 
effect  of  deleting  a-acetoxy  ketone  reductase.  As  expected,  larger  amounts  of  the  2S.SR- 
ivn  diasteromers  were  produced  when  the  mutant  strain  was  used  for  reduction  ol  these 
substrates  However,  the  diastereosclectivity  was  again  incomplete.  This  observation, 
along  with  the  unexpected  results  obtained  for  substrates  33b,  e and  f.  indicate  Ihe 
presence  of  other  enzymes  with  similar  stereospccificity  to  a-acetoxy  ketone  reductase. 
BLAST  searches  of  the  S.  cerevisiae  genome  revealed  three  additional  enzymes  with  very 
high  similarity  to  a-acetoxy  ketone  reductase  that  might  be  responsible  for  this  activity 
(Chapter  5 k 


Table  3-10.  Characterization  of  I0495B  (mutant  strain  lacking  a-acetoxy  ketone 
reductase)  for  whole  cell-mediated  reduction  of  P-keto  esters. 


Iliyas 


The  improvements  in  the  enanlio-  and  diastereoselectivity  associated  with  ihc 
engineered  strains  indicated  that  the  rational  design  of  yeast  strains  is  a valid  approach  to 
improving  the  stereoselectivities  of  these  reductions.  In  particular,  the  strains  over- 
expressing  aldo  keto  reductase  and  a-acctoxy  ketone  reductase  provided  complete 
stereoselectivity  for  some  substrates.  In  the  case  of  ethyl  a-propargyl  acetoacetutc  t33il 
both  diastcreomers  could  be  prepared  in  pure  optical  form,  nicely  illustrating  the  potential 
of  the  designer  yeast  approach. 

Although  the  results  obiained  from  this  first  generation  of  engineered  strains 
provided  good  improvements  on  the  stereoselectivity  of  baker’s  yeast  reductions, 
incomplete  stereoselectivity  was  still  a common  outcome  of  these  biotransformations. 
These  results  represented  new  challenges  since  it  indicated  that  more  reductases  than 
those  originally  thought  were  involved  in  ihc  reduction,  and  that  a combination  oi  knock 
out  and  over-expression  strategies  was  necessary'  to  accomplish  higher  levels  of  diastereo- 


and  enantioselectivitias. 


CHAPTER  4 

CONSTRUCTION  OF  A SECOND  GENERATION  OF  ENGINEERED  YEAST 
STRAINS  AND  THE  ASSOCIATED  IMPROVEMENTS  IN  ENANTIO-  AND 
DIASTEREOSELECTIVITY 

Despite  the  good  improvements  in  stereoselectivity  associated  with  the  first 
generation  of  "designer  yeast"  carrying  either  a knock  out  or  over-expression  of  a 
particular  yeast  reductase,  incomplete  stereoselectivity  was  still  a common  outcome  in 
whole  cell-mediated  reductions  with  these  strains.  By  rationally  combining  knock  outs  of 
competing  enzymes  with  the  over-expression  of  the  desired  activity,  we  expected  to 
observe  further  improvements  in  stereoselectivity.  Four  new  strains  with  improved 
stereoselectivity  were  therefore  designed  along  these  lines  and  an  overview  of  the  strategy 
is  summarized  in  Figure  4- 1 . 

An  "S-enantioselective”  strain  was  created  by  over-expressing  a-acetoxv  ketone 
reductase  in  cells  lacking  a functional  fatty  acid  synthetase.  The  opposite 
enantiosclcetivity  was  targeted  by  combining  knock  outs  of  both  aldo  keto  reductase  and 
a-acetoxy  ketone  reductase  with  the  over-expression  of  the  fatly  acid  synthetase  it- 
subunit.  To  generate  a “ syn  diastcreoselective"  strain,  aldo  keto  reductase  was  over- 
expressed in  cells  lacking  a-acetoxy  ketone  reductase.  The  opposite  combination,  over 
expression  of  a-acetoxy  ketone  reductase  in  a strain  lacking  aldo  keto  reductase,  resulted 
in  a strain  with  improved  ami  diastcrcoscleciivity. 


stereoselectivities  for  whole  cell-mediated  reductions  of  fj-keto  esters  than  those  obtained 


with  the  first  generation  of  recombinant  strains.  Although  complete  stereoselective 
reduction  of  several  substrates  was  achieved,  in  many  cases  the  outcome  of  the  reaction 
was  still  a mixture  of  stereoisomers,  which  further  underscores  the  complexity  of  yeast 


R.^OR,  ■ ZZ  H.V-OR,  - 


Combined  knock  out  and  over-expressi- 


deleted  enzymets) 


a-acetoxy  ketone  reductase 
fatty  acid  synthetase 

aldo  keto  reductase 


aldo  keto  reductase  a-acetoxy  ketone  reductase 


Figure  4-1 . Construction  of  strains  with  higher  stereoselectivity  by  combination  of  knock- 
out and  over-expression  of  three  of  the  enzymes  involved  in  [i-keto  ester  reductions 


The  construction  of  the  second  generation  or  "designer  yeas!"  sirains  was  done  by 
transforming  the  appropriate  mutant  strain  carrying  the  desired  deletion  with  the  plasmid 
for  over-expression  of  the  enzyme  with  opposite  stereoselectivity.  Transformations  were 
performed  according  to  the  high-efficiency  lithium  acetate  protocol147  and  transformants 
were  selected  in  minimal  media  with  adequate  supplements.  In  this  way.  transformation 
of  yeast  strain  2B  with  pSRG41  followed  by  selection  in  minimal  medium  lacking  leucine 
and  supplemented  with  fatty  acids  and  geneticin  provided  the  “S-enantioselcctive"  strain 
2B(pSRG41).  Similarly,  transformation  of  strain  JS3  with  pSRG4l  and  selection  in 
medium  depleted  of  uracil  and  leucine  afforded  the  recombinant  "onri-diastereosclective" 
strain  JS3  (pSRG4l).  The  "s>7i-diastcreosclcctivc"  strain  10495B  (pSRGM)  was  created 
by  transforming  the  Euroscarf  strain  I0495B  with  pSRGI4  and  selecting  in  minimal 
medium  devoid  of  uracil  and  supplemented  with  geneticin.  Finally,  an  “R- 
enantioselective"  strain  lacking  both  aldo  keto  reductase  and  a-aceloxy  ketone  reductase 
but  over-expressing  the  a-subunit  of  fatty  acid  synthetase  was  constructed.  This  required 
the  prior  generation  of  the  double  mutant  that  was  subsequently  transformed  with 
pSRG29,  and  this  process  is  described  below. 

Construction  of  a Double  Mutant  carrying  the  Deletion  of  the  Aldo  Keto  Reductase  and 
the  q-Acetoxv  Ketone  Reductase 

The  First  step  in  the  construction  of  the  "fl-enantioselectivc"  strain  was  the 
generation  of  a Ayprl,  Agre2  double  mutant.  This  mutant  was  obtained  by  mating  the  two 
single  mutants  JS3  (Ayprl)  and  I0495B  (Agre2),  followed  by  sporulation  of  tile  diploid 
strain  and  screening  for  the  desired  genotype.  The  new  strain  was  then  transformed  with 


pSRG29  (which  directs  (he  over-expression  of  the  fatty  acid  synthetase  a-subunit  i to 
provide  the  “R-enantiosclective"  strain  24B(pSRG29). 

The  diploid  strain  was  generated  by  mating  the  parental  strains  JS3  and  I0495B  in 
minimal  solid  medium  depleted  of  both  uracil  and  histidine.  Once  cells  of  the  diploid 
strain  developed,  they  were  transferred  to  prc-sporulatton  media  and  then  to  spoinlalton 
media  to  induce  spore  formation.  The  spores  were  dissected  and  screened  for  colonies 
able  to  grow  without  uracil  and  in  the  presence  of  gcncticin.  A total  of  29  ascospores 
svere  dissected  and  plated  in  YPD.  The  master  plate  containing  the  spore  progeny  was 
replica-plated  on  two  different  selective  media  for  screening,  one  containing  genettcin 
and  the  second  one  depleted  of  uracil.  The  spores  carrying  the  gre2::kanMX4  gene 
replacement  were  able  to  grow  in  presence  of  geneticin,  and  those  carrying  the 
vprl::URA3  mutation  were  able  to  grow  in  the  absence  of  uracil.  The  screening  indicated 
the  presence  of  5 parental  ditype.  7 non-parental  ditype,  and  1 7 tetratvpe  tetrads.  Three 
colonies  that  were  able  to  grow  in  both  media,  indicating  presence  of  the  double 
mutation,  were  further  screened  for  altered  stereoselectivity  in  (1-keto  ester  reductions. 
Two  of  the  three  spores  gave  the  expected  phenotype:  a decreased  amount  of  .V-alcohol 
from  whole  cell-mediated  reductions  of  fi-keto  esters  ( vide  infra).  One  of  these  strains 
1 24B)  was  selected  for  further  constructions  and  characterization.  The  plasmid  over- 
expressing  the  a-subunit  of  fatty  acid  synthetase  (pSRG29)  was  introduced  into  24B  by 


the  lithium  acetate  method.1 


!0495B(pSRG14» 


Effects  Associated  with  the  Combined  Deleiion  of  g-Aceloxv  Ketone  Rcductas 


Strain  24B.  defective  in  both  aldo  keto  reductase  and  a-acetoxy  ketone  reductase 
was  first  analyzed  for  the  effect  of  the  double  mutation  on  the  enantioselectiviiv  01 
reductions.  Two  substrates.  33c  and  33d.  were  used  in  this  initial  characterization  and  the 
results  were  compared  with  the  improvements  provided  by  each  single  mutation  i Table  4- 
I ).  Despite  the  low  effect  that  each  individual  gene  knock  out  had  on  the  outcome  of 
these  reductions,  the  double  mutant  showed  dramatic  changes.  Attempted  reduction  of 
ethyl  acetoacetate  (33c)  resulted  in  almost  no  conversion,  while  ethyl  3-oxopcntanoate 
(33d)  was  reduced  to  produce  more  If -enantiomer  than  was  observed  for  either  'ingle 
mutant.  Identical  results  were  obtained  with  strains  derived  from  two  spores.  24B  and 
I6C.  both  of  which  were  shown  to  cany  the  double  mutation  from  the  previous 
experiments.  This  conclusively  established  that  the  results  were  indeed  associated  with 
the  dv prl,  Agre2  genotype. 


Table  4-1.  Effect  of  the  double  mutation  4#re2.  Ayprt  on  Ihe  enantioselectiviiv  ol  |l-keto 
ester  reductions  (using  glucose  as  carbon  source). 


Substrate  (33) 


Effect  on  the  enantioselectiviiv 


Since  the  expression  svsiem  for  fatty  acid  synthetase  requires  galactose  as  the 
carbon  source  and  the  presence  of  this  sugar  has  been  shown  to  favor  production  of  the  R- 
enantiomer  (Chapter  3).  the  control  experiments  for  the  double  mutant  24B  were  repeated 

these  experiments,  only  SO  of  the  substrate  was  consumed  after  46  It.  As  in  the 
previous  experiments,  it  was  clear  that  the  double  knock  out  affected  the  reduction  of  [i- 
keto  esters  to  a larger  extent  than  would  have  been  anticipated  from  either  single  mutant. 


Table  4-2.  Effect  of  the  double  mutation  Agre2.  Aypri  on  the  enantioselectivny  of  |5-kcto 
ester  reductions  (using  galactose  as  carbon  source). 


Incomplete  conversion  was  also  observed  in  reactions  with  24B(pSRG29t.  which 
over-expresses  the  a-subunit  of  fatty  acid  synthetase  but  lacks  both  aldo  keto  reductase 
and  a-acetoxy  ketone  reductase  (Table  4-3).  The  low  conversion  was  reflected  in  lower 
yields  than  those  usually  obtained  from  baker's  yeast  reductions.  Despite  this  drawback, 
some  improvements  in  the  emtntioselectivity  were  observed  with  the  new'  strain. 

A comparison  of  the  results  obtained  with  the  single  mutants  and  the  double 
mutant  over-expressing  the  a-subunit  of  fatty  acid  synthetase  is  presented  in  Table  4-4. 


The  single  mutant  I0495B  carrying  the  deletion  of  a-acetoxy  ketone  reductase  iGre2p 
knock  out)  resulted  in  a larger  production  of  the  ^-enantiomer  for  substrate*  33a  and  33b. 
Contrary  to  what  was  expected,  the  combination  of  this  knock  out  with  the  aldo  kero 
reductase  ( Yprlp)  knockout  and  with  fatty  acid  synthetase  (Fas2p)  over-expression 
actually  resulted  in  lower  improvements.  The  Yprlp  knock  out  alone  did  not  contribute 
much  to  formation  of  the  ft-alcohol.  but  it  was  not  expected  that  it  would  result  in  ihe 
opposite  contribution  (entry  1 1.  A possible  reason  for  this  outcome  relates  to  the  mating 
of  strains.  The  double  mutant  is  a combination  of  both  single  mutants,  and  ii  may 
therefore  differ  in  background  reductase  activity  from  cither  single  mutant. 

The  second-generation  strain  provided  slightly  better  results  than  the  single 
mutants  for  the  biotransformations  of  substrates  33c  and  33d  (Table  4-4  I.  These  results 
are  more  likely  related  to  the  combination  of  knock  outs  than  to  the  over-expression  of 
fatty  acid  synthetase,  since  this  over-expression  did  not  have  a major  impact  and 
presented  problems  of  plasmid  retention.3  From  the  results  presented  in  Table  4-2.  u 
appeared  as  if  the  double  mutant  24B  provided  better  enanliosclectivity  than  the 
recombinant  strain  24B(pSRG29);  however,  biotransformations  with  the  latter  were 
allowed  to  proceed  for  longer  times  to  achieve  greater  conversion  and  the  difference  in 
enantioselectivity  may  be  merely  associated  to  this  variable.  The  relative  concentration  of 
the  different  reductases  within  Ihe  cells  changes  over  time  and  the  newly  formed  product 
would  reflect  those  changes  affecting  the  overall  stereoselectivity  of  the  reaction . 


Only  16  % of  the  cells  retaining  the  plasmid  after  24  h and  complete  last  of  the  plasmid 
was  observed  after  50  h of  growth  in  non-selective  media  (the  time  required  for  the 
biotransformation ). 


Unfortunately,  the  overall  improvement  obtained  with  the  second-generation 
strain  was  not  commensurate  with  the  complicated  genetics  of  the  strain.  Similar 
improvements  and  better  yields  were  obtained  with  the  first-generation  strain  I0495B 
defective  in  a-acetoxy  ketone  reductase.  Further  improvements  towards  synthesis  of  the 
/f-alcohols  might  be  achieved  by  over-expressing  a D-enzvmc  other  than  fatty  acid 
synthetase  in  strain  I0495B.  This  possibility  was  not  explored  further. 


i 

1 

J; 

i 

|if  ■ 

b i 

i; 

s 

€ *' 
s \\ 

ii? 

is: 

: S 

w 

IS  f 

1 

is: 

£ 

11 

m\ 

* 

i 

iti 

5 2 

1 

r 

= = 

* 

a 

Jf 

i 

+ 

Stereoselectivity  of  Strain  2Bl nSRG4 1 ).  Carrying  a Deletion  of  Fatty  Acid  -S'  m Hciasc 
and  Over-Expressing  q-Acctoxv  Ketone  Reductase 


The  results  obtained  with  this  slrain  provide  a clear  example  of  the  heneiits  ol* 
combining  the  over-expression  of  the  desired  enzyme  with  the  knock  out  of  a maior 
competing  enzyme.  Biotransformations  with  this  slrain  were  completed  in  less  than  24  h. 
with  very  good  yields,  and  provided  the  optically  pure  5-alcohol  for  all  the  substrates 
tested  (Table  4-5), 

For  substrates  33a  and  33c.  complete  cnantioselectivity  had  been  already  achieved 
by  over-expressing  a-acctoxy  ketone  reductase  (Gre2p):  however,  for  the  other 
substrates,  the  over-expression  of  this  enzyme  was  not  sufficient  to  completely  shift  the 
cnanlioselceiivuv  (Table  4-6).  However,  by  combining  (he  fatty  acid  synthetase  i Fas2pl 
knock  out  with  the  over-expression  of  a-acctoxy  ketone  reductase,  the  reductions  of 
substrates  33b.  d and  e gave  the  optically  pure  5-alcohols.  Unmodified  baker  .yeast 
provides  the  /{-alcohol  as  the  major  product  for  these  reductions  tTable  4-6i,  The  most 
noticeable  example  was  the  reduction  of  33e.  which  changed  from  >98*5-  ee  //-alcohol 
with  the  control  strain  to  >98  ee  5-alcohol  with  the  second-generation  engineered 
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Slgreoseleciiviiv  of  Strain  IQ49SBtpSRG  14),  aiming  a Deletion  of  n-Acenm  Ketone 
Reductase  and  Over-Expressing  Aldo  Kdo  Reductase 


Strain  l0495B(pSRGI4>  lacking a-ac 
aldo  keto  reductase  provided  the  syn  (2/f.3SI-34  alcohols  in  good  yields  and  gc 
stereoselectivities  (Table  4-71.  For  substrates  33f  and  331.  only  single  diasteren 
observed  after  completion  of  the  reaction. 


When  compared  to  the  results  obtained  from  a strain  over-expressing  aldo  keto 
reductase  ( Yprlp).  the  second-generation  strain  provided  slight  improvements  in  the 
diastereoselcctivity  for  substrates  33f  and  33g.  and  no  improvement  for  substrate  33h 
(Table  4-8).  A larger  influence  of  the  a-acetoxy  ketone  reductase  (Grc2pi  knockout  was 
expected  since  it  provided  good  improvements  in  diasiercoselcctivuv  when  a strain 
carrying  only  this  deletion  was  analyzed  (Chapter  3),  However,  previous  studies  were 
performed  with  glucose  as  the  carbon  source,  while  the  over-expression  of  aldo  keto 
reductase  instead  required  tile  use  of  galactose.  Based  on  our  previous  studies,  the  effect 
of  the  a-acetoxy  ketone  reductase  knock  out  was  much  lower  in  galactose  as  compared  to 
reductions  with  glucose  as  the  carbon  source.  Another  factor  that  could  also  contribute  to 


strain  is  the  difference  in  parental  strains,  which  may  result  in  different  levels  of  protein 


over-expression  from  the  pSRGI4  vector.  The  first-generation  recombinant 1 
based  on  15C.  while  I049SB  was  used  for  the  second  strain. 
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Stereoselectivity  of  Strain  JS3  InSRGJI  i.  carrying  a C 
and  Over-Expressing  Ct-Aceloxv  Ketone  Reducia.se 


This  strain  reduced  subsumes  33g-i  10  provide  the  ami  1 2S.3SI-34  alcohol'  In 
good  yields  and  good  stereoselectivities  (Table  4-91.  For  substrates  33h  and  338.  the 
ubovementioned  alcohol  was  the  only  product  observed  after  completion  of  the  reaction. 
On  the  other  hand,  reduction  of  33f  afforded  the  svn  (2&35)-alcohol  as  the  niaior 
product.  This  was  not  surprising  since  all  the  enzymes  whose  concentrations  were  altered 
in  this  strain  reduce  this  substrate  to  the  syn  diastcrcomer.6011* 

A comparison  of  the  results  obtained  with  the  second-generation  strain  and  those 


expression  of  a-ncctoxy  ketone  reductase  (Grc2p)  already  provided  complete 
diastereoselectivity  for  the  reduction  of  substrates  33h  and  33i.  thus  the  contribution  of 
the  aldo  keto  reductase  ( Yprlp)  knock  out  was  hidden  in  these  results.  Howe'er, 
reduction  of  33g  with  the  first-generation  strains  resulted  in  formation  of  the  ami  1 23.33)- 
alcohol  with  poor  diastereoselectivity.  The  combination  of  the  aldo  keto  reductase  knock 


out  and  u-acetoxy  ketone  reductase  over-expression  resulted  in  additive  effects,  providing 


the  desired  alcohol  with  better  diastereoselectivity.  Unfortunately,  incomplete 
stereoselectivity  was  still  seen  for33g.  and  more  efforts  may  be  necessary  to  achieve 


complete  diastereoselectivity  for  this  substrate. 
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Summary  of  Ihe  Results  Obtained  wilh  Ihe  Second  Generation  of  "Designer  Vy-itC 
Strains  and  Comparison  with  Previous  Improvements  on  Baker's  Yeas!  Stereoselectivity, 

The  second-generation  of  "designer  yeast"  strains  provided  good  improvements  in 
the  stereoselectivity  of  whole  cell-mediated  reductions  of  p-keto  esters.  As  expected,  the 
combination  of  gene  knock  out  and  over-expression  generally  provided  better  results  than 
those  obtained  from  the  first  generation  of  yeast  strains.  Among  the  improvements  in 
baker's  yeast  stereoselectivity  previously  reported  in  the  literature,  the  use  of  inhibitors 
provided  the  best  improvements  for  some  substrates  while  for  others  better  improvements 
were  obtained  by  the  use  of  organic  co-solvents  or  changes  in  the  growing  conditions 
(Tables  1-6. 1-9).  Comparisons  of  the  best  improvements  reported  in  Ihe  literature  with 
those  obtained  along  this  work  for  substrates  33a-i  arc  summarized  in  Figures  4-3  to  4-6. 
The  analysis  is  divided  into  four  charts  that  focus  on  improvements  towards  production  of 
the  R-alcohol.  the  S-alcohol.  the  syn  diastereomer  and  the  ami  diastercomer.  For 
convenience,  the  enantiomeric  excess  has  been  represented  as  positive  for  the  S- 
enantiomcr  and  negative  when  the  R-alcohol  was  the  major  product.  Similarly,  the  syn 
diastereomer  has  been  represented  as  positive  while  a negative  sign  indicates  an  excess  of 
the  ami  diastercomer. 

The  improvements  in  stereoselectivity  provided  by  the  "R-enantioselective"  strain 
24B(pSRG29)  were  usually  slightly  lower  than  those  obtained  by  other  methodologies 
with  the  exception  of  substrate  33a.  for  which  no  improvements  in  the  production  of  the 
R-alcohol  have  been  reported  (Figure  4-3).  The  addition  of  allyl  alcohol  provided  the  best 
improvements  for  substrates  33b  and  33c.'21  while  limited  oxygen  availability  resulted  in 
96%  ce  (R)-alcohol  from  the  reduction  of  33d.120  and  the  presence  of  DMSO-glucosc  in 


chc  media  provided  34e  >98%  ee  (R).1”  Despile  chc  belter  improvements  provided  by 
these  approaches,  it  is  clear  that  they  do  not  represent  a general  strategy  and  the 
conditions  for  good  enantioselectivity  have  to  be  optimized  for  each  substrate  By 
contrast,  the  "designer  yeast"  strategy  provides  a methodology  that  can  be  applied  to  all 
the  substrates:  however,  further  improvement  of  this  strain  is  needed  to  accomplish  the 
synthesis  of  the  R-alcohols  with  good  enamioselecuviiics.  The  identification  and  over- 
expression of  a D-seleclive  enzyme  easier  to  express  than  fatty  acid  synthetase  may 
provide  better  results. 


Figure  4-3.  Improvements  provided  by  the  engineered  yeast  strain  towards  the  production 
of  the  R-alcohol.  comparison  with  previous  reports. 

The  potential  associated  with  the  "designed  yeast"  approach  is  nicely  illustrated 
by  the  results  obtained  vvith  the  "S-enantiosclectivc"  strain  2B(pSRG4 1 >.  All  the 
substrates  tested  were  reduced  by  this  strain  to  furnish  the  5-alcohol  with  >98%  optical 


purity.  For  substrates  33a-d.  these  results  are  comparable  or  slightly  higher  that  those 
obtained  with  baker's  yeast  In  the  presence  of  ethyl  chloroacetate  as  an  inhibitor  t Figure 
■l-IV”  and  the  yields  are  higher  with  the  engineered  yeast.  The  most  outstanding  result 


best  results  previously  reported  for  production  of  S-34e  resulted  in  only  2 r-  ce. IS  while 
the  new  strain  2BlpSRG4l ) provided  this  (S-hydrosv  ester  in  >98  % ee. 


Figure  4-4.  Improvements  provided  by  the  engineered  yeast  strain  towards  the  production 
of  the  3-alcohol,  comparison  with  previous  reports. 

The  improvements  towards  the  diastcreoselective  synthesis  ofsy;i-t2/f.3St-ot- 
subsiitutcd  P-hydroxy  esters  provided  by  the  strain  10495B(pSRG  141  were,  with  one 
exception,  slightly  higher  or  comparable  with  those  reported  previously  (Figure  4-5 1.10" 
High  diastcrcosclecltvity  was  previously  induced  by  a combination  of  heat  treatment  and 
addition  of  the  enzyme  inhibitor  methyl  vinyl  ketone  t.VlVK)  (Table  1 -81."”  For  two  of 


I yeast  approach  is  associated  with  the  reduction  of  33e.  The 


the  substrates.  33f  and  33i.  reduction  with  the  engineered  strain  provided  the  best  results. 


33h  the  previously  reported  strategy  provided  better  diastereoselectivity.  For  substrate 
33g,  the  results  were  comparable.  Unfortunately,  the  use  of  heat  and  MVK  required 
extreme  conditions  for  good  diastereoselectivity  and  the  reduction  of  ImM  substrate 
required  20  g of  yeast  cells  and  the  addition  of  60  mM  MVK.  The  need  for  a large  mass 
of  yeast  cell  is  not  surprising  since  such  a large  concentration  of  MVK  nearly  inhibits  the 
desired  enzyme  activity.  Bioiransformations  under  such  conditions  resulted  in  lower 
yields  than  those  obtained  with  the  engineered  yeast.  Considering  these  factors^along 
with  the  analysis  of  the  improvements  in  diastereoselectivity.  the  engineered  yeast 
provides  for  most  substrates  a better  choice  for  the  synthesis  of  syn-(  2ff.3S)-a-suhstituied 
P-hydroxy  esters  than  any  previously  reported  biocataiytic  route. 


Figure  4-5.  Improvements  provided  by  the  engineered  yeast  strain  towards  the  production 
of  the  syn-diastcreomer.  comparison  with  previous  reports. 


was  furnished  in  >98%  optical  purity.  However,  for  substrate 


Improvements  towards  formation  of  the  <mti-(2S.3S)-  diatereomer  in  baker's 
yeast-mediated  reductions  of  ct-substituted  p-keto  esters  have  not  been  previously 
reported.  The  engineered  yeast  JS3(pSRG4 1 1 provided  access  to  optically  pure  unii- 
(2S.3S)-34h  and  34i  that  could  only  be  obtained  before  with  purified  P-kelo  ester 
reductases  (Table  I -f).60108  On  the  other  hand,  an  excess  of  the  ami  diastereotiter  could 
not  be  obtained  for  the  reduction  of  33f.  and  reasons  for  this  have  been  discussed  above. 


II 


Figure  4-6.  Improvements  provided  by  the  engineered  yeast  strain  towards  the  production 
of  the  anri-diastcreomer.  comparison  with  previous  reports. 


In  summary,  the  engineered  yeast  strains  almost  always  resulted  in  comparable  or 
better  improvements  in  stereoselectivity  than  previously  reported  methodologies.  It 
provides  a genera]  strategy,  uses  a low  cell  mass  and  does  not  require  any  co-substrates  or 
enzyme  purification.  These  advantages  can  make  the  engineered  yeast  a more  useful 
reagent  for  large-scale  reactions. 


CHAPTER  5 

IDENTIFICATION  OF  OTHER  REDUCTASES  IN  BAKER'S  YEAST  AND 
ANALYSIS  OF  THEIR  SUBSTRATE  SPECIFICITY 

Among  ihe  reductase  enzymes  present  in  baker's  yeasl.  aldo  keto  reductase 
< Yprlp)  and  a-aceioxy  keione  reductase  (Gre2p)  had  been  suggested  to  be  the  key 
participants  in  production  of  syn  (2/1.333  and  anti  (2S.3S)  a-substituted-P-hydroxy  esters. 
respectively.60'1™  However,  the  results  presented  in  Chapter  3 indicated  that  although 
these  two  enzymes  are  involved  in  such  reductions,  they  are  not  the  only  ones  involved. 
Further  work  in  the  rational  design  of  yeast  strains  with  defined  stereoselectivities 
requires  that  all  the  relevant  proteins  participating  in  each  reduction  be  known  in  addition 
to  their  corresponding  genes.  Although  several  reductases  have  been  isolated  from  yeast 
cells  and  their  substrate  specificities  have  been  studied  (Table  Ml.  there  are  few  cases  in 
which  Ihe  participating  enzyme  and  the  gene  encoding  for  it  have  been  identified. 1 ' l5- 
tot.l  to.137  Classical  genetics  has  revealed  the  connection  between  gene  and  protein  in 
several  cases  including  yeast  alcohol  dehydrogenases  and  fatty  acid  synthetase.'14  In  cases 
where  even  a fragment  of  the  amino  acid  sequence  data  from  a purified  reductase  is 
available,  the  gene  assignment  is  unequivocal.  This  method  was  ased  to  show  that  the 
GRE2  gene  encodes  a-aceioxy  keione  reductase  and  YPRI  encodes  a yeasl  aldo  keto 
reductase.  The  major  disadvantage  of  this  approach  is  the  time  and  effort  required  for 
isolating  each  protein  and  determining  its  amino  acid  sequence. 


The  availability  of  the  5.  cerevixiae  genome  sequence1  allows  a new  approach  to 
the  problem  of  identifying  all  potential  ketone  reductases  by  detecting  yeast  proteins  with 
sequence  similarity  to  known  reductases.  During  the  course  of  this  project,  the  first 
systematic  analysis  of  the  yeast  genome  for  potential  reductases  has  been  recently 
reported  by  Stewart  el  al.ltu  and  this  study  identified  close  to  50  possible  candidates, 
encompassing  members  of  the  short  and  medium  alcohol  dehydrogenase,  aldose 
reductase  and  D-hydroxyacid  dehydrogenase  families,  lactate  dehydrogenases  and  fatty 
acid  synthetase.  The  results  of  this  analysis  and  our  earlier  experience  made  ii  clear  Ihut 
many  more  reductases  than  those  originally  considered  in  this  project  may  be  involved  in 
baker's  yeast  reduction  of  ketones. 


Analysis  of  the  S.  cerevisiae  genome  indicated  the  presence  of  three  open  reading 
frames  with  high  homology  with  Gre2p  ( Figure  5*  l ),  The  nature  of  residues  conserved 
between  these  open  reading  frames,  the  Gre2p  and  plant  cynnamoyl-CoA  reductase 
argues  strongly  that  the  proteins  encoded  by  YDR54lc.  YGU)39w  and  YQLt57\r  are  all 
likely  to  be  functional  reductases.  All  these  proteins  share  the  consensus  motif  Y-X-X-X- 
K lhat  places  them  in  the  short-chain  alcohol  dehydrogenase  superfamily.  u“ 
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The  use  of  the  Yprlp  sequence  as  probe  for  BLAST  search  of  the  S.  cerevisiue 
genome  uncovered  five  additional  proteins  that  were  closely  related  to  one  another  and  to 
human  aldose  reductase  (Figure  5-2).  It  is  very  likely  that  these  additional  five  proteins 
are  also  ketone  reductases,  and  they  may  participate  in  the  reduction  of  P-keto  esters.  Of 
these  five,  those  encoded  by  the  GCYI.  ARAI  and  GRE3  genes  possessed  higher 
similarity  to  Yprlp  and  were  therefore  investigated  further.  Gcylp  has  been  previously 
isolated  and  shown  to  have  high  homology  with  representatives  from  the  three  subgroups 
of  the  aldo-keto  reductase  family.133  Gre3p  was  reported  as  the  aldo-keto  reductase 
responsible  for  conversion  of  xylose  to  xylitol  in  5.  cerevisieue .,3J  This  enzyme  was 
shown  to  reduce  several  aldehydes  with  high  catalytic  efficiency  and  p-nitro- 
benzaldehyde  was  the  best  substrate  of  those  analyzed.  Recent  research  related  to  the 
oxidative  metabolism  of  D-arabinose  identified  a heterodimeric  arabinose  dehydrogenase 
in  yeast.135  whose  heavy  subunit  (Aralp)  showed  close  homology  to  the  aldo-keto 
reductase  family.  This  was  the  first  report  on  a heterodimeric  protein  of  the  aldo  keto 
reductase  family. 
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Allhough  each  of  these  three  proteins  -Gey  Ip.  Gre3p  and  Aral  p-  share  high 
amino  acid  sequence  identity  with  Yprlp.  their  role  in  reducing  P-keto  ester  had  not  been 
investigated.  In  order  to  learn  whether  these  enzymes  were  involved  on  [1-kcto  ester 
reductions,  expression  systems  for  each  of  them  were  designed  and  tested  in  baker's  yeast 
and  £ coli.  The  expression  of  these  enzymes  in  both  microorganisms  provided  greater 
opportunities  for  studying  their  activities.  As  it  was  previously  seen,  tight  control  of 
protein  expression  in  yeast  might  hide  the  effect  of  over-expressing  a reductase  (Chapter 
3).  On  the  contrary,  the  use  of  £ coli  as  a host  avoided  that  problem.  In  addition,  the  low 
level  of  reductase  activity  present  in  £ coli  furnished  a good  background  to  study  enzyme 
activity  in  whole  cell  systems.  Despite  these  advantages,  expression  of  an  eukaryotic 
protein  in  £ coli  can  present  problems  if  post-translational  modification  is  essential  for 

Over-Expression  of  Gcvlo.  Gre3p  and  Aralp  in  Yeast  and  the  Effect  on  the 
Stereoselectivity  of  B-Kelo  Ester  Reductions 

Expression  systems  based  on  the  S.  cerevisiae  expression  vector  pYES2  were 
constructed  for  Gcylp.  Gre3p  and  Aralp  by  standard  methods  (Figure5-3. 5-41.  The  three 
genes  were  amplified  from  S.  cerevisiae  genomic  DNA  using  primers  that  incorporated 
suitable  restriction  sites  for  the  cloning  strategy.  After  amplification  and  restriction 
enzyme  digestion,  the  CRE3  gene  was  cloned  directly  into  pYES2  as  an  EeriRI.  Moil 
cassette,  resulting  in  the  expression  vector  pSRG26  (Figure  5-3).  A similar  strategy  was 
used  to  clone  GOV  between  the  EcoRI  and  Xbal  sites  of  pYES2,  providing  pSRG28 
(Figure  5-3).  Direct  cloning  of  the  A/M/  gene  was  unsuccessful,  and  a two  step  strategy 
was  therefore  necessary.  The  A/M/  PCR  product  was  first  cloned  into  pCR  2. 1 and  (hen 


subcloned  in  pYES2  as  a BnraHI,  Noil  cassette,  resulting  in  pSRG35  (Figure  5-4).  In  all 
these  vectors,  gene  expression  is  under  control  of  the  GAL  promoter,  so  that  growing  the 
yeast  cells  in  presence  of  galactose  induces  enzyme  production. 
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Figure  5-3.  Construction  of  yeast  over-expression  systems  for  Gey  Ip  and  Gre3p. 
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Each  of  ihc  ihrcc  expression  plasmids  were  used  lo  iransform  S.  cemisitie  'train 
15C.  and  the  resulting  recombinant  strains  were  tested  for  changes  in  the  stereoselectivity 
of  p-keto  ester  reductions  with  some  model  substrates  (Figure  5-5.  Table  o- 1 1.  The  results 
indicated  that  the  stereoselectivity  of  the  reduction  was  unaffected  by  the  over-expression 
of  these  enzymes  in  baker's  yeast. 
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Previous  repons  on  the  substnue  specificity  of  isolated  Ypr  I p with  several 
compounds  indicated  that  ethyl  4-chloro-acetoacetate  was  the  best  substrate  for  tins 
enzyme.' ' ' Attempts  to  reduce  this  substrate  with  growing  cells  of  recombinant  yeast 
were  unsuccessful  due  to  its  high  toxicity.  Based  on  this  finding,  a new  assay  lor 


Reduction  of  ethyl  4-chloro-acctoacetme  would  dramatically  reduce  ns  activity  as  an 
alkylating  agent,  and  the  strains  over-expressing  a ketone  reductase  activity  would 
therefore  be  less  susceptible  to  this  compound.  Studies  with  the  yeast  strain  over- 
expressing Ypr  Ip  indicated  that  this  was  indeed  the  case.  Inhibition  zone  experiments15" 
showed  that  this  strain  overcame  the  toxicity  reducing  by  half  the  radius  of  inhibition 


caused  by  eihyl  4-chloro-aceiooceiatc  liable  5-2).  This  new  rcduciase  activity  assay  was 
used  10  lesl  Ihe  strains  over-expressing  Ocylp.  Grc3p  and  Aralp.  The  results  shown  that 
none  of  them  overcame  the  toxicity  of  ethyl  4-chloro  acetoacetate  to  a significant  extent, 
although  they  showed  a slight  decrease  in  Ihe  radius  of  inhibition  I table  5-2  >. 


Table  5-2.  Study  of  ethyl  4-chloro  acetoacetate  inhibition  /one  for  the  modified  sirams 
over-expressing  Gcylp.  Gre3p  and  Aralp. 


Gcylp  I Grc3p  Aralp 


Over-expressed  enzyme 


Inhibition  zone  radius  | 


Inhibition  zone  radius 


Taken  together,  these  results  strongly  argue  that  Gcylp.  Gre3p  and  Ara  I p do  not 
play  a major  role  in  whole  ceil  reductions  of  p-keto  esters.  If  that  is  the  case,  die 
incomplete  stereoselectivity  observed  after  the  knock  out  of  the  YPR1  gene  must  be  due 
to  the  activity  of  a different  enzyme.  Two  other  members  of  the  aldo-keto  reductase 
family  whose  sequences  are  related  to  that  of  Yprlp  (hypothetical  proteins  encoded  hv 
YJR096w  and  YDL124w ) remain  candidates.  It  is  also  possible  that  Ihe  observed  residual 
activity  may  be  associated  with  a protein  belonging  to  a different  family.  However,  a 
second  possibility  should  also  be  considered:  the  absence  of  changes  in  the 
stereoselectivity  associated  with  the  over-expression  of  Gcylp.  Gre3p  and  Aralp  in  yeast 
cells  may  be  due  to  a light  control  of  their  expression  level  in  baker’s  yeast. 


Expression  of  Gcvln.  Gre.lp  and  AralP  in  £.  coli.  Study  of  theirAuMare 


Although  ihe  results  from  over-expressing  Gey  Ip.  Gre3p  and  Ara  I p in  baker's 
yeast  seemed  to  indicate  that  they  were  not  involved  significantly  in  |3-keio  ester 
reductions,  their  kinship  with  Yprtp  strongly  argued  for  their  participation  on  the 
reduction  of  some  type  of  carbonyl  compounds.  In  order  to  study  the  substrate  specificity 
of  these  reductases.  £.  coli  expression  system  were  made  and  recombinant  strains 
expressing  Gey  Ip.  Gre3p  and  Ara  Ip  were  constructed.  Expressing  the  enzymes  in  a 
different  hast  avoided  the  control  of  expression  levels  that  might  be  present  in  yeast.  £. 
coli  provides  an  ideal  microorganism  for  expression  of  these  yeast  enzymes  since  the 
level  of  intrinsic  reductasets)  is  low.  Unmodified  £.  coli  has  been  shown  to  reduce  ciltyl 
3-methyl  acetoacetate.M  and  our  results  indicated  that  it  could  also  reduce  several  other 
(1-keto  esters  to  a small  degree.  Fortunately,  this  background  activity  is  so  low  that  it  did 
not  compromise  the  studies. 

The  work  on  Gey  I p and  Gre3p  cloning  and  characterization  was  realized  in 
cooperation  wuh  Kersten  T.  Schroeder.  and  the  characierizaiion  of  Aral  p w as  done  m 
collaboration  with  Catherine  ChatTon. 

Construction  of  Ihe  £.  coli  Expression  Vectors  for  Gcv  I P.  Gre3p  and  Ara  I n 

The  GRES  and  GCYI  genes  were  subcloned  into  pKK223-3.  an  expression  vector 
carrying  the  me  promoter  (Figures  5-6  and  5-7)  while  the  ARA  I gene  was  subcloned  imo 
pET  22b(+)  where  gene  expression  is  driven  by  the  strong  T7  promoter  i Figure  5-N 
.Subcloning  of  GRES  and  GCYI  required  a two  step  strategy,  they  were  first  subcloned 
into  pUC19  and  finally  into  pKK223-3.  The  GRES  gene  was  excised  from  pSRG26  as  an 


£coRI.  Xhol  fragment  and  cloned  between  the  £coRI  and  Sail  sites  of  pUCW.  .1 1 lord  mg 
pKTSl-  The  gene  was  then  released  from  this  plasmid  with  ftcoRI  and  Psil.  allowing  the 
insertion  between  the  same  sites  in  pKK223-3  and  providing  the  E.  coli  expression  vector 
pKTS3  (Figure  5-61.  A similar  strategy  was  used  to  incorporate  a Pul  site  at  ihe  end  of 
the  CCYI  gene  that  allowed  the  final  cloning  into  pKK223-3.  resulting  in  the  expression 
vector  pKTS4  (Figure  5-7).  The  AIIAI  gene  was  isolated  from  pSRG32  and  >uhcloned 
into  pET  22b(+l  as  an  NM.  Noll  cassette,  furnishing  the  expression  vector  pSRG36 


(Figure  5-8). 


These  three  expression  vectors  required  different  £ coli  hosts,  thus  Ara  I p was 
expressed  in  the  £ cnli  BUI  <DE3)  strain  while  GieJp  and  Gcylp  were  expressed  in  £ 
i nli  JM 105.  The  recombinant  strains  were  used  to  test  the  substrate  specificity  of  the 
expressed  enzymes  by  cell  free  enzymatic  assays  and  by  whole  cell  biotransformation. 

The  NADPH  cofactor  requirement  of  these  enzymes  allowed  studying  their 
activity  towards  different  substrates  by  means  of  a rapid  spcctrophotometric  asxay- 
Consumption  of  this  cofacior  can  be  monitored  by  the  decrease  in  absorbance  at  340 
nm.IM  The  soluble  enzyme  fraction  from  each  strain,  prepared  after  induction  avith 
isopropyl  thio-|l-D-galaetoside  (IPTG).  was  incubated  with  the  different  substrates  in 
presence  of  NADPH  and  the  course  of  the  reaction  was  followed  by  measuring  the 
absorbance  at  340  nm. 

These  studies  revealed  that  Gcylp.  Gre3p  and  Aralp  reduced  o-carbonyl  compounds  like 
ethyl  pyruvate  and  2.3  hexanedione.  Although  these  substrates  were  also  partially  reduced 
also  by  the  non-recombinant  control  strains,  the  specific  activity  was  much  higher  for 
those  strains  expressing  the  yeast  reduciases  (Table  5-31. 


Table  5-3,  Relative  specific  activity  (SAI  of  the  different  crude  extracts  towards  II- 
carbonyl  compounds.  (The  specific  activity  has  been  normalized  with  respect  to  the 
appropriate  control  strain  (data  is  expressed  as  a ratio  = SA  recombinant/  SA  controls. 
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Among  those  transformations,  the  reduction  of  the  ji-lactam  35  by  the  strain  over- 


expressing Aralp  is  of  particular  interest  given  the  synthetic  route  to  the  Paclitaxel  side 
chain  recently  reported  by  our  group  (Figure  5-9). 152  The  use  of  normal  baker's  yeast  as 
a biocatalyst  for  this  transformation  resulted  in  incomplete  stereoselectivity,  which 
hampered  the  utility  of  this  synthetic  strategy.  Studies  with  the  fas2  deficient  mutant 
ATCC  26403  indicated  that  FAS  was  the  major  enzyme  responsible  for  formation  of  the 
irons  ORAR)  isomer;152  however,  the  enzyme(s)  responsible  for  producing  the  other 


diasteromers  was  not  known. 


Since  Gre3p.  Gey  Ip.  and  Aralp  presented  activity  towards  a-carbonvl 
compounds,  the  three  enzymes  were  tested  for  reduction  of  P-lactam  35  in  preparative 
scale  reactions.  Crude  extracts  of  E coli  strains  expressing  each  enzyme  were  incubated 
with  30  mg  of  substrate  in  the  presence  of  NADPH  and  a regeneration  system  composed 
of  glucose  6-phosphate  and  glucose-6-phosphate  dehydrogenase.  The  strain  expressing 


Aralp  was  ihe  only  one  ihai  showed  significant  activity  and  the  cis  OSAR)  and  irons 
(35.45)  diastereomers  were  formed  in  a 57:43  ratio  (Figure  5-10).  Tlte  presence  ol  these 
two  diastereomers  was  detected  through  chiral  HPLC  and  confirmed  by  1 'C  N M R 
Unfortunately,  none  of  the  products  was  the  desired  cis  (3R.45)  isomer.  Interestingly,  the 
irons  isomer  produced  by  Aralp  is  not  produced  when  35  is  reduced  by  whole  cells  of 
unmodified  baker's  yeast.  This  could  mean  that  oilier  enzyme  is  the  responsible  tor 
production  of  the  cis  OSAR)  product  in  whole  cells  of  unmodified  baker's  yeast,  or  that 
Aralp  presents  higher  commitment  to  catalysis  towards  the  4R-35  enantiomer  A time 
course  study  of  the  reaction  could  further  clarify  the  specificity  of  this  enzyme.  If  Ara  I p 
is  the  major  enzyme  producing  the  cis  OSAR)  diastercomer.  deletion  of  the  ARA  I gene 
from  the  Afas2  mutant  strain  will  likely  result  in  a strain  with  increased  stereosolccm  tty 
towards  formation  of  the  cis  ( }RAS)  synthon  required  for  the  repotted  synthesis. 


X 


X 


"V 

J-H. 


Figure  5-10.  Reduction  of  the  P-lactam  derivative  35  by  the  £.  coli  strain  expressing 
Aralp  (Free-cell  extract  and  an  NADPH  regeneration  system  were  used  for  this  reaction). 


Whole  Cell  Bioiransformations  with  £■  coli  Strains  Expressing  Gcvl  and  fire  sp 

The  substrate  specificities  of  Gey  Ip  and  Gre3p  were  also  analyzed  using  whole 
cell  bioiransformations  with  the  £.  coli  strains  expressing  these  enzymes.  In  Kali  of  these 


strains,  protein  expression  is  under  control  of  the  lac  promoter  and  inducible  by  utldine 
IPTG  to  the  culture.  In  contrast  to  the  results  obtained  with  analogous  5.  ccm'lf'iiic 
strains,  the  results  with  whole  cell-mediated  reductions  indicated  that  both  Gey  I p and 
Gre3p  reduced  p-kelo  esters  to  P-hydroxy  esters  with  the  same  absolute  configuration  as 
those  produced  by  Yprlp-mediatcd  reductions. 

Whole  cells  of  the  two  strains  were  tested  for  the  reductions  of  several  p-kelo 
esters  (Figure  5-11)  and  the  results  are  summarized  in  Table  5-4.  The  optical  purities  of 
the  products  were  determined  by  chiral-phase  GC  and  optical  rotations  were  used  to 
establish  the  absolute  configuration  of  each  p-hydroxy  ester  product.  IJC  NMRjpectra 
confirmed  that  only  a single  diostercomcr  was  produced  in  all  cases.  Both  strains  yielded 
35-alcohols  with  high  enantiomeric  excess  values  and  acceptable  yields  for  all  the 
substrates  tested.  When  racemic  ot-substituted  P-keto  esters  were  employed  as  substrates, 
the  facile  raccmization  at  the  alpha  position  allowed  for  dynamic  kinetic  resolutions 
(Figure  5-1 1 1.15-'  Reductions  of  these  substrates  with  cither  recombinant  strain  resulted  in 
almost  complete  conversion  of  the  substrate  to  the  syn  (2 R.  35)  diastcromer. 


Figure  5-11.  Reductions  of  P-keto  esters  by  recombinant  E.  coli  strains  expressing  Gre3p 
and  Gcylp. 
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These  two  new  whole  cell  biocalalysts  complemem  Ihe  existing  methodologies  for 
reductions  of  li-kcto  esters  by  providing  simple  access  to  syn  ( 2 R.  3S I tx-alkyl  p-hydroxv 
esters  in  high  optical  purities.  Catalytic  hydrogenation  of  a-substituted  P-keto  esters  has 
been  limited  to  formation  of  the  |2R.  3R)  and  I2S.  3/fl  diasteromers.11'-'4  Tile  1 2.V.  .VST 
iimi  diasteromcr  has  been  obtained  through  stereoselective  alkylation  of  ethyl  V ST- 
hvdroxybutanoate.43  Lewis  acid-mediated  reductions  have  produced  the  svn  diasteromer: 
however,  the  enantioselectivity  of  these  reagents  was  not  reported. A further  advantage 
of  these  new  biocatalytic  reagents  is  their  ability  to  provide  good  stereoselectivities  in  the 
absence  of  bulky  substituents,  which  is  not  always  the  case  for  chemical  methods  of  P- 
keto  ester  reduction.  Using  whole  cells  of  the  engineered  E.  coli  strains,  two  steteocenters 
can  be  set  in  one  reaction  from  simple,  commercially  available  starting  materials.  In 
addition,  the  reaction  proceeds  under  mild  conditions,  and  the  process  is  environmentally 
friendly. 

The  results  obtained  from  expression  of  Gcylp  and  Grc3p  in  £.  coli  clearly 
indicated  that  these  enzyme  reduce  p-keto  esters:  however,  the  results  obtained  earlier 
with  the  recombinant  yeast  designed  to  over-express  each  of  these  reductases  indicated 
the  opposite.  A possible  explanation  for  these  results  is  that  even  though  these  enzymes 
reduce  P-keto  esters,  their  contribution  to  baker's  yeast-mediated  reduction  of  these 
substrates  is  very  low  and  their  over-expression  is  not  noticeable.  Thus,  expression  of  the 
enzymes  in  higher  levels  and  in  a host  with  low  native  reductase  uetivitv  such  as  /..  ■ Vi 
allowed  the  characterization  of  these  enzymes.  A mote  likely  explanation  however,  is 
that  expression  of  these  enzymes  is  lightly  regulated  in  yeast  and  the  cell  either  degrades 
the  expressed  enzyme  or  counteracts  its  activity.  Evidence  of  yeast  control  on  expression 


of  (i-kcio  ester  reductases  was  seen  earlier  in  the  studies  of  mutant  strains  lucking 
particular  enzyme  activity  (Chapter  3 >. 


The  results  presented  here  indicate  that  the  identification  of  potential  reductases 
by  detecting  yeast  proteins  with  sequence  similarity  to  known  reductases  can  Iv  a useful 
and  powerful  approach.  The  studies  of  three  aldo-keto  reductases  with  high  similarity 
with  Yprlp  resulted  in  the  characterization  of  three  carbonyl  reductases  able  to  reduce  ft- 
earbonyl  compounds.  Of  particular  importance  is  the  ability  of  Aralp  to  reduce  |l-luctam 
35.  since  this  information  can  be  used  in  the  design  of  novel  yeast  strains  for  the  •>  ill liesis 
of  the  Paclitaxel  side  chain.  Among  the  studied  enzymes.  Gey  I p and  Gtc3p  w ere  able  to 
reduce  [J-kcto  esters  to  yield  [1-hydroxy  esters  with  the  same  absolute  configuration  as 
those  produced  by  Yprlp  mediated  reduction. 

The  construction  of  recombinant  £,  coli  strains  expressing  Gey  I p and  Gre.tp 
provided  simple  and  inexpensive  biocatalysts  that  can  be  used  by  non-specialists.  This 
approach  eliminates  the  need  for  enzyme  isolation  and  cofactor  regeneration,  and  these 
new  biocatalysis  broaden  the  spectrum  of  reactions  that  can  be  catalyzed  with 


recombinant  E.  coli  cells. 


CHAPTER  6 

CONCLUSIONS  AND  FUTURE  WORK 


This  project  has  provided  a better  understanding  of  the  yeast  enzymes  involved  in 
p-keto  ester  reductions.  Three  enzymes  had  been  previously  reported  as  the  major 
participants  in  the  reduction  of  P-keto  esters  by  baker's  yeast.<lM4-los-,“  The  results 
obtained  from  this  work  proved  that  although  those  enzymes  were  involved  to  an 
important  extent  in  these  reductions,  they  were  not  the  only  players.  Two  other-jJ-keto 
ester  reductases.  Gcylp  and  Gre3p.  were  identified  during  the  course  of  this  work  and  the 
results  from  the  mutant  strains  indicate  that  even  more  enzymes  are  involved  in  these 
reactions.  In  addition,  the  isolation  of  a major  P-keto  ester  reductase  resulted  in  the 
identification  of  Gre2p  as  the  tz-acetoxy  ketone  reductase.  This  Ending  corrected  a 
previous  mis-identification109'1 15  and  allowed  the  construction  of  strains  requited  for  this 

The  rational  design  of  yeast  strain  also  provided  useful  biocatalysis.  Yeast  strains 
with  high  stereoselectivity  were  obtained  by  combining  knock  out  and  over-expression  of 
the  three  previously  reported  enzymes.  Strain  2B(pSRG4l  I provided  access  to  the 
optically  pure  5-alcohols,  and  strains  JS3(pSRG4l ) and  IQ495B|pSRG14i  provided 
complete  stereoselectivity  in  the  synthesis  of  some  a-substituted  p-hydroxy  esters.  For 
one  of  the  substrates,  both  the  .mi-  and  uiiri-diastereomers  could  be  prepared  in  pure 
optical  form  depending  on  the  engineered  yeast  strain  employed.  These  results  illustrate 


the  potential  of  the  "designer  veast"  approach  to  tailor  the  stercospccifictty  of  baker's 
yeast.  Furthermore,  the  engineered  strains  provided  comparable  or  belter  results  than 
those  obtained  with  previously  reported  methodologies. ,7'98.  too. 1 :0- 1 ~ and  it  constitutes  a 
general  strategy  that  uses  a low  mass  of  cell  and  does  not  require  the  use  of  inhibitors, 

In  addition  to  the  engineered  yeast  strains,  two  recombinant  £.  coli  strains 
expressing  Gey  Ip  and  Gre3p  have  been  constructed  and  provide  simple  access  to  vvit  ( 1R. 
3S1  a-alkyl  P-hydroxy  esters  in  high  optical  purities.  Using  whole  cells  of  the  engineered 
E coli  strains,  two  stereocenters  can  be  set  in  one  reaction  from  simple,  commercially 
available  starting  materials. 

The  new  biocatalysts  prepared  during  this  project  complement  the  existing 
methodologies  for  reduction  of  P-keto  esters  by  providing  simple  access  to  p-hydroxv 
esters  in  high  optical  purities.  They  provide  simple  and  inexpensive  biological  reagents 
that  can  be  used  by  non-specialists.  This  approach  eliminates  the  need  for  enzyme 
isolation  and  cofactor  regeneration,  and  broaden  the  spectrum  of  reactions  that  can  be 
catalyzed  with  recombinant  E coli  or  yeast  cells. 73.7a.155  further  advantage  of  these 
new  biocatalytic  reagents  is  their  ability  to  provide  good  stereoselectivities  in  the  absence 
of  bulky  substituents,  which  is  not  always  the  case  for  chemical  methods  of  P-keto  ester 
reduction.  In  addition,  the  reactions  proceed  under  mild  conditions,  and  the  processes  are 
environmentally  friendly. 

Further  rational  design  of  yeast  strains  to  tailor  the  stereoselectivity  of  yeast- 
mediated  reductions  requires  the  identification  of  all  the  relevant  enzymes  involved  in 
those  reactions.  Homology  studies  have  indicated  that  there  are  close  to  30  enzymes  with 
sequence  similarity  to  known  reductases.104  The  identification  of  Gcylp.  Gtc.'p.  and 


Ara  I p based  on  (heir  horaologv  with  known  reductases  and  results  associated  w nil  their 
expression  in  £ coli.  argues  that  this  could  be  a useful  and  powerful  approach  for  the 
idenlification  of  other  reductases.  Particularly  interesting  is  the  study  of  the  enzymes 
closely  related  to  Gre’p  iTable  5-1 1 since  they  are  likely  to  present  the  opposite 
stereoselectivity  than  the  aldo  keto  reductase  family  and  may  provide  a useful  enzyme  lor 
the  synthetic  approach  10  the  Paclitaxel  side  chain  (Figure  5-7).  Cloning  and  expression 
of  these  reductases  is  an  ongoing  project  in  our  laboratory. 

The  construction  of  recombinant  £ coli  strains  expressing  each  of  the  different 
yeast  reductases  could  provide  easier  access  to  useful  biocatalysis  than  the  “designer 
yeast"  strategy,  since  the  latter  requires  more  complicated  genetic  constructions. 

However.  £ call  may  also  present  some  problems.  Although  this  organism  provided  a 
useful  host  for  the  expression  of  some  reductases,  the  yields  of  the  reactions  were  lower 
lhan  ihose  obtained  with  ihe  engineered  yeast  strains.  This  may  be  associated  with 
cofactor  availability,  a problem  that  has  been  encountered  previously  by  other  workers.  " 
A second  potential  problem  that  should  be  considered  relates  to  post-translational 
modifications  that  some  enzymes  may  require.  Finally,  while  the  presence  01  an 
endogenous  reductase  activity  in  E.  tvli  did  noi  affect  the  biotransformations  reported  in 
this  work,  may  constitute  a problem  for  reduction  of  other  substrates.  An  alternative  could 


done  before  embarking  in  the  use  of  any  new  host. 

Finally,  exploring  the  "designer  yeast"  and  £ coli  strains  for  reduction  of  other 
substrates  could  uncover  novel  synthetic  applications  for  the  strains  and  will  provide  a 


bcner  understanding  of  those  reductions  in  baker's  yeast.  Some  interesting  substrates  lor 
winch  reduction  with  baker's  yeast  provides  incomplete  stereoselectivity  include  K-keto 
esters,  diketones,  hydroxy  ketones,  chloro  ketones  and  unsaturated  carbonyl  compounds. 
In  addition,  it  will  be  interesting  to  explore  synthetic  applications  ol  the  obtained 
optically  pure  p-hydroxy  esters  to  the  synthesis  of  drugs  or  natural  products  -uch  i»  those 
described  in  the  introduction  iFigure  l-2l. 


CHAPTER7 

EXPERIMENTAL 

Molecular  Biology  and  Yeast  Genetics 

Biochemical*  and  Media 

Bacto  Tryptone.  Bacio- Yeasi  Extract.  Bacio  Peptone  and  Bacto  Yeast  Nitrogen 
Base  without  amino  acids  were  purchased  from  Difco.  Dextrose  and  galactose  were 
obtained  from  Fisher.  Geneticin  and  chloramphenicol  were  purchased  from  Sigma. 
Ampicillin  was  obtained  from  Promega.  Amino  acids  and  uracil  used  as  supplements  in 
the  media  were  purchased  from  Sigma. 

Restriction  endonucleases  were  purchased  from  New  England  Biolabs  or 
Promega.  T4  DNA  ligase  was  obtained  from  New  England  Biolabs.  Oligonucleotides 
were  obtained  from  Integrated  DNA  technology  or  Gemini  Biotechnology.  Tin/ 
polymerase.  PCR  and  sequencing  grade,  as  well  as  the  DNA  Silver  Sequencing  kit  were 
purchased  from  Promega.  Agarose  was  obtained  from  Kodak.  The  DIG  DNA  labeling 
and  detection  kit  (Genius  kit)  was  purchased  from  Boehringer-Mannhcim. 

Vectors 

£ coll  cloning  vectors  pUCIS.  pUCI9IS6and  pBC-SK(+>  (Stratagenel  were  from 
our  laboratory  collection.  £ coll  expression  vectors  pKK223-3  and  pET  22bl+)  were 
obtained  from  Pharmacia  and  Novagen.  respectively. 


Yeasi  cloning  vectors  YCpIac  1 1 1 and  YCplac22  were  u generous  gift  of  Dr  R.  D. 
Gieiz.  Plasmid  YEpl3  was  kindly  provided  Dr,  H.  Baker  Yeast  expression  vector  pYES2 
was  purchased  from  Inviuogen.  and  pAAHS  was  generously  provided  by  Dr  B.  Hall.1® 
E.  coli  and  S.  cmvisiac  Strain  Genotypes 
E.  coli  strains  used  in  this  work 

£ coli  strains  XLI-blue  and  JM109  were  used  for  routine  cloning  procedures 
while  JMI05  and  BL2I  (DE3)  were  used  for  protein  expression. 


Table  7- 1 . £ coli  strains  used  in  this  work  and  their  genotypes. 


S.  cercvisiac  strains  used  in  this  work 

The  yeast  strains  used  for  protein  expression  were  InvScl.  purchased  from 
Invitrogen  and  I5C.  generously  provided  by  Dr.  A.  Buchman.  The  latter  carries  a pep4-i 
mutation  that  results  in  reduced  expression  of  three  proteases.  RNase.  and  phosphatase. 
The  strain  ATCC  26403  carrying  an  uncharacterized  mutation  within  the  FAS2  gene  was 


purchased  from  Ihe  American  Type  Culiure  Collection.  A heterozygous  diploid  carrying 
the  deletion  of  the  same  gene  was  purchased  from  Research  Genetics  (strain  2 1 Oh  1 1. 
Strain  I0495B,  carrying  a deletion  of  the  GRE2  gene  was  procured  from  Euroscarf. 


Table  7-2.  S.  certvisiae  strains  used  in  this  work  and  their  genotypes. 


5.  cerevisitie  strains 


genotype 


InvScI 

I ATCC  26403 


MAT-d.  Ieii2.  ura3-52.  dlrpl,  Iiis4-S0.  pep4-3 
MATa/MATa.  Ien2.  tira3-52 , Atrpl,  Iiis3 
haploid  a i-),fas2 


MATa:  ura3-52;  H1S3:  leu2AI:  LYS2:  irplA63:  gn2::kunMX4 


S.  cerevisitie  constructed  in  this  work 

The  strains  JS2  and  JS3.  carrying  a deletion  of  the  YJRWSw  and  of  the  YPRI 
genes,  respectively  were  derived  from  I5C.  The  haploid  strain  2B  deficient  in  fatty  acid 
synthetase  was  created  by  sporulation  of  the  Research  Genetics  21061  strain.  Strain  24B 
was  created  by  crossing  and  sporulation  of  JS3  and  I0495B  and  carries  deletions  of  both 


the  YPRI  and  the  GRE2  genes. 


Table  7-3.  S.  cerevisiae  strains  created  along  this  work  and  their  genotypes. 


JS2 


genotype 

MATs.  Ieu2.  uraJ-52.  Alrpl.  his4-80.  pep4-3,  yjrl05w::LEU2 
MATs.  Ieu2.  itrai-52,  Alrpl,  his4-80.  pep4-3.  yprl::URA3 
MATS . liis3AI.  leu2AO.  ura3AQ.  lys2A0.  met! 5A0.  fiis2::kanMX4 
MATs.  H1S3.  his4.  Ieu2.  LYS2.  trpl.  gn2::kanMX4.  yprl::URA3 


Maintenance  of  E.  coli  and  5.  cerrvisiae  Strains. 

Standard  media  (LB)  and  techniques  for  routine  growth  and  maintenance  of  E, 
coli  strains  were  used.157  Recipe  per  liter:  Bacto  Tryptone  ( 10  g).  Yeast  Extract  (5  g). 
NaCI  ( 10  g).  For  solid  media,  agar  ( 1 5 g)  was  included.  When  appropriate,  ampicillin  was 
added  to  200  ug/mL  or  chloramphenicol  was  used  at  concentratios  of  170  ug/mL. 

Non-selective  yeast  growth  medium  ( YPD)  was  used  for  routine  growth  and 
maintenance  of  S.  cerevisiae  strains.  Recipe  per  liter:  Bacto-Yeast  Extract  ( 10  g).  Bacto- 
Peptone  (20  g),  and  dextrose  (20  g).158  Agar  (20  g/L)  was  included  for  preparation  of 
solid  media  For  geneticin-resistant  strains,  geneliein  (G418)  was  added  at  a concentration 
of  200  ug/mL.  Selective  media  was  used  for  routine  maintenance  of  recombinant  strains. 
Recipe  per  liter:  Bacto  yeast  nitrogen  base  without  amino  acids  (6.7  g),  dextrose  1 20  g). 
and  the  apropriatc  amino  acids  or  uracil  according  to  the  auxotrophic  marker  present  in 
the  strain.  L-tryptophan  (20  mg/L),  L-histidinc  (20  mg/L).  L-lcucinc  (30  mg/Ll.  L- 
methionine  (20  mg/L),  L-lysine  (30  mg/L).  and  uracil  (2  g/L).  For  solid  media,  agar  was 
added  (20  g/L). 


For  short-term  storage,  yeast  and  bacterial  strains  were  kept  on  plates  sealed  with 
parafilm  at  4 °C,  For  long-term  storage  strains  were  stored  at  -80  °C  in  media  containing 
15%  glycerol. 


Recombinant  DNA  procedures  were  carried  out  essentially  as  described  by 
Sambrook  et  al.157  5.  cerevisiae  DNA  used  as  template  in  the  PCR  reactions  and  as 
control  in  the  southern  blots  was  isolated  following  the  medium  scale  protocol  reported 
by  Wach  et  al.lw  Genes  were  PCR-amplilied  using  a Perkin-EImer  Geneamp  PCR 
system  2400.  purified  by  agarose  gel  electrophoresis  and  digested  with  appropriate 
restriction  enzymes  for  cloning  into  the  desired  vector.  Restriction  enzyme  digestions 
were  checked  by  DNA  gel  electrophoresis.  DNA  agarose  gel  electrophoresis  w as  carried 
out  as  described  by  Sambrook.157  E.  coli  transformations  were  performed  by 
electroporation  while  yeast  transformations  utilized  the  high  efficiency  lithium  acetate 
protocol.147  Purified  DNA  for  sequencing  and  yeast  transformation  was  obtained  by 
density  gradient  ultracentrifugation  with  CsCI  in  presence  of  ethidium  bromide  (plasmids 
pSRGl-pSRG22)  or  by  means  of  the  Clontech  or  QIAGEN  midiprep  kits  t plasmids 
pSRG23-pSRG41 ).  DNA  sequencing  was  accomplished  using  the  Silver  Sequence  kit. 
according  to  the  manufacturer's  instructions.  Southern  blots  were  done  with  DIG  DNA 
labeling  and  detection  kit.  procedure  and  probe  labeling  followed  manufacturer's 


Yeast  Genetic  Manipulations 


The  presporulation  and  sporulaiion  media  described  by  Kaiser  et  al.  were  used.1"1 
Presporulaiion  medium,  recipe  per  liter  Bacto-Yeast  Extract  (8  g).  Bacto-Peptone  ( 3 gl. 
dextrose  ( 100  g).  and  Bacto-agar  (20  g).  Sporulation  medium,  recipe  per  liter  potassium 
acetate  ( 10  g),  Bacto-Yeast  Extract  1 1 g),  dextrose  (0.5  g).  and  Bacto-agar  (20  g).  For 
sporulation  of  auxotrophic  diploids,  nutritional  supplements  were  added  at  25  Vt  level  of 
those  used  for  selective  media. 

Procedures 
Mating  experiments 

Diploid  strains  were  generated  by  mating  of  the  parental  strains.  The  two  parental 
strains  were  plated  in  single  lines  that  crossed  at  the  middle  of  the  plate  in  media  where 
only  the  diploid  strain  could  grow.  After  4-5  days,  colonies  of  the  diploid  strain 
developed  at  the  intersection  of  the  two  cultures. 

Sporulation  and  asci  dissection 

The  diploid  strains  were  grown  for  two  days  in  solid  presporulation  media  and 
then  transferred  to  solid  sporulation  media  where  they  were  grown  from  4- 1 5 days  to 
allow  spore  formation.  A small  dab  of  the  culture  was  taken,  periodically  and  examined 
for  spore  formation  under  a microscope.  Once  spores  were  formed,  a small  quantity  of  the 
sporolated  culture  was  resuspended  in  100  uL  of  zymolase  solution  (0.5  mg/mL  in  I M 
sorbitol)  and  incubated  for  15  - 20  minutes  at  room  temperature.  Then.  0.8  mL  of  sterile 
waier  was  carefully  added,  trying  to  avoid  breaking  the  spores.  A drop  of  the  digested  asci 


solution  was  transferred  to  a YPD  plate  (with  fatty  acids  if  necessary)  and  spread  in  a 
single  line  across  the  middle  of  the  plate.  Asci  dissections  were  performed  under  u 
microscope  equipped  with  a micromanipulator.  A cluster  of  4 spores  was  selected,  the 
four  spores  were  separated  and  moved  to  isolated  positions  in  the  YPD  plate  as  described 
by  Kaiser  et  al.160  The  spores  usually  germinated  and  formed  colonics  within  a period  of 
2-3  days  after  dissection.  The  phenotypes  were  determined  by  replica  plating  onto 
appropriate  media.  The  mating  types  were  determined  by  crossing  with  appropriate 
MATa  and  MATct  strains. 

Isolation  of  Gre2p 

Materials  and  Equipment 

Baker’s  yeast  was  obtained  from  Publix  Bakery  and  was  the  product  of  Gist 
Brocades  (Delft.  Holland).  DEAE  sephacel  was  obtained  from  Sigma.  Hypaute  C from 
Clarkson  Chemical  Company,  and  Sephacryl  S-200  from  Pharmacia.  Matrex  Blue- A. 
Red-A  and  ihe  PM-10  ultrafillration  membranes  were  purchased  from  Amicon. 
Benzamidine.  p-toluensulfonylfiuoridc  (PMSF)  and  ethyl  4-chloro  acetoacetatc  were 
procured  from  Aldrich.  Dithiothreito!  (DTO  was  purchased  from  Promega.  Glucose  6- 
phosphate.  glucose  6-phosphate  dehydrogenase.  NADPH  and  NADP  were  obtained  from 

An  SIM-AMINCO  French  pressure  cell  was  used  for  cell  disruption. 
Ultraccnuifugations  were  performed  in  a Beckman  L5-65  ultracentrifuge.  Column 
chromatography  steps  utilized  a Dynamax  RP-I  peristaltic  pump  (Rainin)  and  the  elution 


profile  was  followed  by  an  ISCO  UA-5  recorder  equipped  wiih  a UV  detector.  Enzymatic 
assays  were  performed  in  an  Olis  Cary- 14  UV-vis  spectrophotometer. 

Experimental  Procedures 

All  the  enzyme  purification  procedures  were  carried  out  at  temperatures  between 
0 and  4 °C.  All  the  buffers  used  during  the  isolation  contained  5%  glycerol.  0.34  e/I 
benzamidine.  0.3  g/l  PMSF  and  1 mM  DTT.  unless  otherwise  stated.  PMSF  and  DTT 
were  added  to  the  buffer  immediately  before  use.  The  buffer  used  for  cell  lysis  also 
contained  ImM  EDTA. 

Preparation  of  the  erode  Extract 

The  dry  Bakers'  Yeast  (250  gl  was  hydrated  in  deionized  water  and  250  e of  the 
final  wet  mass  (750  g>  were  used.  The  cells  were  washed  with  three  volumes  of  deionized 
water  and  collected  by  centrifugation  at  1.000  g for  10  min.  This  process  was  repeated 
twice  and  the  washed  cells  were  suspended  in  ice  cold  0.2  M potassium  phosphate  buffer 
(pH  7.4).  The  cells  were  disrupted  by  a French  pressure  cell  at  10.000  to  1 2,000  psi.  The 
residual  yeast  cells  and  membrane  pellet  were  removed  by  centrifugation  at  1 .000  x g for 
10  min  and  were  resuspended  in  the  same  buffer  and  the  process  repeated  again.  The 
combined  supernatants  were  centrifuged  at  100.000  x g for  30  minutes  to  remove  the 
mitochondrial  fraction. 

Ammonium  Sulfate  Precipitation 

To  the  clear  cell  extract,  finely  ground  ammonium  sulfate  powder  was  added  until 
the  desired  concentration  was  achieved.  The  mixture  was  then  stirred  for  20  minutes  and 
the  precipitated  fraction  separated  by  centrifugation  at  10.000  x g for  20  minutes.  The 


process  was  repeated  with  the  supernatant  until  the  next  level  of  saturation  was  achieved. 
The  procedure  was  repeated  twice  to  obtain  the  50-80  % (NHaljSO*  saturation  fraction, 
reported  to  have  all  the  reductase  activity.-*  AcIivily  ^ demon5Iraled  ^ ^ 
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saturation.  The  pretein  fraction  was  dissolved  in  10  tnM  Tris-HCI  buffer  tpH  7.5,  and 


dialyzed  against  4L  of  the  same  buffet 


• with  one  change  of  buffer  ovemieht. 


The  protein  samples  obtained  from  each  purification  step  were  concentrated  by 
means  of  an  Amicon  ullrafiltration  kit  fined  with  a PM-10  membrane,  under  nitrogen  at 


A chart  recorder  of  A.„,  displayed  the  elution  pattern  from  each  column 
Chromatography  step.  A Bradford  assay-  of  the  concennated  samples  allowed 
determination  of  the  total  protein  present  in  the  fractions  with  reductase  activity 

SDS  gel  electrophoresis 
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Enzyme  Assays 

Enzyme  activity  was  determined  spectrophotomeiricallv  ai  30  C by  following  the 
decrease  in  absorbance  of  NADPH  at  340  nm.  A 25  |tL  aliquot  of  chromatographic 
fraction  was  added  to  1.5  mL  of  a solution  of  0.10  M phosphate  buffer  tpH  ~.0|.  0.2  M 
KCI  that  also  contained  ethyl  4-chloro  acetoncctale  (0.98  mM)  and  NADPH  10.09  mMl. 
The  high  salt  concentration  in  the  buffer  was  essential  to  avoid  protein  precipitation.  One 
unit  of  enzyme  was  defined  as  the  amount  of  enzyme  consuming  I pmol  of  NADPH  per 
minute  under  the  assay  conditions.  Total  units  were  calculated  from  the  initial  rale  of 
NADPH  consumption.  The  slope  from  the  spectrophotometric  assays  is  At  Au.il/mm.  and 
can  be  correlated  to  pmoles  of  NADPH  t£=6200). 

UNITS  = 240  x slope  x fraction  V (mL)/  assay  V i inLi 
Biocatalvsis  with  the  Enzyme  Fractions 

A typical  reaction  mixture  contained  3 mg  of  N ADP.  85  mg  of  glucose  (<- 
phosphate.  0. 1 mg  of  glucose  6-phosphate  dehydrogenase.  30  mg  of  substrate  and  a 
suitable  quantity  of  enzyme  preparation  in  a total  volume  of  20  mL  enzyme  assay  buffer. 
The  substrate  was  dissolved  in  a small  amount  of  ethanol  prior  addition  to  the  reaction. 
The  reaction  was  stirred  at  30  °C  for  48  h.  The  extent  of  conversion  and  the  values  of 
cnantio-  or  diastcreomeric  excess  were  determined  by  gas  chromatography  as  described 
under  biotransformalions. 

Sequencing 

The  sequencing  and  amino  acid  analysis  of  the  Gre2p  was  performed  by  the 
University  of  Florida-ICBR-Protein  Core  and  sample  preparation  followed  their 


recommended  protocols,*:  SDS-PAGE  electrophoresis  were  carried  out  as  described 
earlier  with  slight  differences.  Samples  for  amino  acid  analysis  and  sequencing  were 
prepared  in  Laemmli  buffer.  The  sample  for  amino  acid  analysis  was  blotted  onto  a 
PVDF  membrane  ustnglO  mM  MES.  pH  6. 20%  MEOH  as  buffer,  and  transferring  was 
carried  on  overnight  at  20  volts  in  a cold  box.  The  membrane  was  stained  in  0.02% 
Coomassie  blue.  40%  methanol.  5%  acetic  acid  for  20-30  sec.  and  destained  for  one 


minute  in  40%  methanol.  5%  acetic  acid.  After  rinsing  the  membrane  ihomughly  ,n 
distilled  water,  it  was  air  dried,  placed  between  Whatman  filter  papers,  wrapped  in  foil. 


and  sent  for  amino  acid  analysis.  The  gel  for  internal  sequencing  was  loaded  with  300  - 
400  pmoles  of  protein.  Staining  of  the  gel  was  performed  in  the  same  manner  as  for  .he 

protein  was  sent  for  internal  sequencing. 


The  sample  for  amino  acid  analysis  was  hydrolyzed  in  6N  HCI  and  analyzed  by 
the  pre-column  derivatization  method  using  PITC  on  the  Applied  Biosystem  420A.  For 
internal  sequencing,  the  protein  sample  was  cleaved  with  endopro.emasc  LysC.  The 


column)  and  subject  to  N-terminal  sequence  analysis  by  Edman  degradation  chemistry  ,n 
a Precise  (Applied  Biosystems  models  494  HT)  sequencer. 


Reagents  were  obtained  from  commercial  suppliers  and  were  used  as  received. 
Unless  Otherwise  specified,  reactions  were  carried  on  llame  dried  glassware,  using  dry 


solvents,  and  under  a stream  of  argon.  In  general,  reaction  products  were  purified  by  flash 
chromatography  using  60A  silica  gel.  Thin  layer  chromatography  was  performed  in  plates 
of  silica  gel  60  from  Aldrich. 

Product  characterization  was  done  by  GC-MS.  proton  and  carbon  NMR.  IR.  and 
optical  rotations  if  applicable,  NMR  spectra  were  taken  on  a,  Varian  Gemini  or  VXR300 
instruments  operating  at  300  MHz.  All  spectra  were  obtained  in  CDCIj  and  referenced  to 
residual  CHCI.  (7.26  ppm)  for  'H  NMR.  and  to  CDCIj  (77.01  for  "C  NMR.  IR  spectra 
were  recorded  from  thin  films  on  a Perkin-Elmer  1600  FT-IR  spectrophotomeier.  GC-MS 
was  taken  on  a Hewlett-Packard  5890  series  II  equipped  with  a mass  selective  detector. 
Capillary  gas  chromatography  was  performed  in  a Hewlett-Packard  5890A  equipped  with 
a flame  ionization  detector.  A 0.32mm  x 30m  DB- 1 7 column  was  used  for  non-chiral 
separations,  while  a Chrompack  0.25mm  x 25m  CP  chirasil-Dex  CB  column  was  used  tor 
chiral  separations.  The  gradient  used  for  the  DB- 1 7 column  was:  80  °C  ( 5 min  I to  I SO  °C 
(5  min)  at  IO°C/min.  For  the  chiral  separations  two  different  sets  of  conditions  were  used 
depending  on  the  substrate  (vide  infra).  The  injector  and  detector  temperatures  were 
maintained  ai  250  °C  and  220  °C.  respectively.  Optical  rotations  were  measured  from 
CHCI.  solutions  using  a Perkin  Elmer  341  polarimeter  operating  at  room  temperature. 
Synthesis  of  Substrates 

With  the  exception  of  ethyl  a-allyl  acetoacetate  and  ethyl  a-propargvl 
acctoacctatc.  the  substrates  were  obtained  from  Aldrich.  Synthesis  of  these  two  substrates 
was  performed  as  reported  by  Dauben  et  al163  with  slight  modifications.  The  reaction  was 
performed  in  a three  neck  round  bottom  fiask  equipped  with  an  addition  funnei  and  an 
elbow  tube  for  solid  addition.  First,  ethyl  acetoacetate  (38.4  mmoles)  was  dissolved  in  20 


mL  DMF  and  the  reaction  was  placed  in  an  ice  bath.  Solid  NaH  (42.3  mmoles  i was  then 
slowly  added  io  the  stirred  ethyl  acctoacctate  solution.  This  reverse  addition  iavored  ihe 
formation  of  the  mono-anion  over  the  di-anion,  avoiding  di-alkylation.  After  addition  of 
the  NaH  was  completed,  a solution  of  the  corresponding  alkyl  bromide  <42.3  mmolesi  in 
10  mL  DMF  was  added  dropwise  over  a period  of  30  minutes.  The  reaction  was  kept  at  0 
“C  for  another  half  an  hour  and  then  brought  to  room  temperature  and  stirred  over  a 
period  of  24-48  hours.  The  reaction  was  followed  by  TLC  and  allowed  to  reach 
completion.  After  the  reaction  was  completed,  the  flask  was  placed  in  an  ice  bath  and 
acetic  acid  was  added  to  quench  excess  of  NaH.  The  mixture  was  dissolved  in  brine  and 
extracted  with  diethyl  ether.  The  ether  layer  was  then  washed  with  brine,  dried  with 
Na:SOj.  and  the  solvent  was  removed  by  rotary  evaporation.  The  crude  material  was 
purified  by  either  flash  chromaiography  with  CH;CI;:hexane  7:3.  or  by  vacuum 
distillation.  This  procedure  resulted  in  a crude  yield  of  60-65  Sr  and  isolated  yields  of  35 
<*10  44%. 

Synthesis  of  Racemic  B-Hvdroxv  Esler  Standards 

Racemic  p-hydroxy  esters  used  as  standards  in  GC  analysis  were  obiained  by 
NaBHj  reduction  of  the  corresponding  P-kclo  ester.  The  reactions  were  carried  oul  in 
ethanol  for  the  ethyl  esters  and  methanol  for  the  methyl  esters  to  avoid  trans- 
esterification.  Sodium  borohydridc  <1.1  equivalents)  was  dissolved  in  the  appropriate 
alcohol  to  provide  a 10-15  % solution.  The  P-keto  ester  was,  then  added  dropwise  io  Ihe 
stirred  solution  of  NaBHi  at  room  temperature.  The  progress  of  the  reaction  was  followed 
by  TLC  and  allowed  io  achieve  completion  (overnight).  Excess  of  NaBH.  was  destroyed 


by  adding  acetic  acid  and  the  alcohol  was  removed  by  rotary  evaporation.  The  ester 
solution  was  then  diluted  in  a NaHCO.  solution  and  extracted  with  diethyl  ether  > : 
limes).  The  ether  layer  was  then  washed  with  brine,  dried  with  Nti'SOa.  and  the  solvent 
was  removed  by  rotary  evaporation.  The  crude  material  was  purified  by  flash 
chromatography  with  the  solvent  system  etherihexane  1:1.  The  isolated  yields  varied 
between  60  and  70  %. 

Acetylation  of  B-Hvdroxv  Esters 

For  most  (1-hydroxv  esters,  ihe  different  alcohol  stereoisomers  were  resolved  in 
chiral  phase  GC  with  no  need  for  derivatization.  However,  methyl  3-hydroxybitt.uioate 
and  ethyl  2-ethyl-3-hydroxybutanoate  required  prior  acetylation  for  good  resolution  of  the 
optical  isomers.  Quantitative  acetylation  was  achieved  with  acetic  anhydride  in  DMF. 
using  DMAP  (dimethyl  amino  pyridine)  as  the  base.165  In  a normal  procedure.  5 nig  of 
the  (1-hydroxy  ester  was  dissolved  in  500  uL  DMF.  then  3 pL  acetic  anhydride  and  a 
small  crystal  of  DMAP  were  added  to  the  solution  and  the  reaction  was  stirred  overnight. 
After  completion  of  the  reaction,  one  mL  of  0.5  M NaHCOi  solution  was  added  to  the 
reaction  mixture  followed  by  extraction  with  2 mL  of  ether.  The  extract  was  diluted  live 
times  and  used  for  GC  analysis. 

Bj.P.translo.nnai.lpns 

General  Procedure  for  Biotranslomiations  with  Yeast  Strains 

The  different  strains  of  5.  cerevisiae  were  maintained  on  SD  plates  with  the 
appropriate  nutrients  added  (e.g.,  2B  and  2BI  pSRG4 1 ) required  fatty  acid 
supplementation).  Fresh  plates  were  streaked  from  a frozen  stock  and  a single  colony  was 


used  10  inoculaie  50  mL  of  YPD  in  a sterile  250  mL  Erlcnmcyer  flask.  The  culture  was 
incubated  at  30  C in  a rotary  shaker  at  200  rpm  until  the  ODxm  value  was  between  4 and 
6.  Cells  were  then  harvested  by  centrifuging  at  3000  x g for  10  ntin.  The  cell  pellet  was 
resuspended  in  20  mLof  10  mM  Tris-Cl.  I mM  EDTA  tpH  7.5|  by  vortexing,  This 
washing  procedure  was  repeated  an  additional  two  limes.  The  final  cell  pellet  wu' 
resuspended  in  10  mM  Tris-Cl.  1 mM  EDTA  t pH  7.5).  1 5ft  glycerol  at  a concentration  of 
0. 1 g/mL  twet  weight >.  At  this  stage,  cells  were  either  used  directly  for  a reaction  or 
frozen  in  aliquots  at  -80  'C  for  later  use.  Standard  reaction  mixtures  for  preparative 
biotransformations  contained  90  mL  YP.  10  mL  20%  galactose  or  glucose,  depending  on 
the  inducer,  and  10  mM  substrate.  Freshly  prepared  or  frozen  cells  were  added  to  a final 
concentration  ot  a mg/mL.  Reaction  flasks  were  shaken  at  200  rpm  and  30  C.  and  the 
conversion  was  monitored  by  GC.  Analytical  samples  were  prepared  by  mixing  200  111.  of 
the  reaction  mixture  with  600  uL  of  ethyl  acetate.  After  vortexing  for  10  sec.  the  mixture 
was  centrifuged  in  a micrucentrifugc  for  2 min.  the  organic  layer  was  removed  and  I uL 
was  used  forGC  analysis.  After  the  reaction  was  complete,  the  reaction  mixture  tvas 
centrifuged  at  3000  x g for  10  min  at  4 ‘‘C  io  remove  yeast  cells.  The  supernatant  was 
extracted  with  CHjCI;  t 3 x 50  mL).  The  cell  pellet  was  extracted  with  20  mL  of  CH;CI; 
and  the  organic  extracts  were  combined,  washed  with  brine  and  dried  with  Na;SOt.  When 
emulsions  formed  they  were  broken  by  centrifugation  at  3000  x g for  10  min.  Alter 
concentrating  the  sample  by  rotary  evaporation,  the  p-hydroxy  esters  were  purified  by 
flash  chromatography  on  a I x 15  cm  silica  column  using  1 : 1 ether.hexanes  as  mobile 


GL-nci.il  Procedure  lor  llinlr.inslnrma 


‘»h  Recombinant  £ eali  Strains 


Fresh  plaics  of  engineered  £ coli  sirains  were  streaked  from  the  appropriate 
frozen  stock  and  a single  colony  was  used  to  inoculate  lOmLof  LB-ampicillin  in  a 125 
mL  Erlcnmeyer  flask.  The  culture  was  incubated  in  a rotary  shaker  overnight  |200  rpm. 

37  °C).  and  1 mL  of  this  culture  was  used  to  inoculate  100  mL  fresh  LB-ampicillin  in  a 
500  mL  Erlenmeyer  flask.  The  fresh  culture  was  grown  under  the  same  conditions  until  it 
reached  an  ODsoo  of  0.5  (approximately  2.5  hours),  then  IPTG  was  added  to  a final 
concentration  of  ImM  along  with  the  substrate  ( 10  mM).  The  culture  was  shaken  (200 
rpm)  at  room  temperature  and  sampled  periodically  for  GC  analysis.  After  maximum 
conversion  was  achieved  (24  - 50  hours),  the  cells  were  removed  by  centrifuging  at  4.000 
x g for  15  minutes  at  4 °C.  The  supernatant  was  extracted  with  CHjCI;  (4  x 50  mL)  the 
combined  organic  extracts  were  washed  with  brine,  dried  with  Na;SQi.  filtered  and 
evaporated.  The  product  was  purified  by  flash  chromatography  with  CHCI  ether  1 9: 1 1 as 
(he  solvent  system.  The  products  were  characterized  by  1R.  NMR.  GC-MS.  and  optical 
rotations. 

Chiral-Phase  GC  Analysis  of  the  B-Hvdroxv  Esters 

Enantiomeric  and  diasteromeric  excess  values  were  determined  by  chiral-phase 
GC.  Chiral  separations  used  the  following  conditions:  70  °C  (2  min)  to  130  "C  (5  miniat 
LO-C/min.  followed  by  a 10°C/minto  180  °C(l0min).  except  for  ethyl  3- 
hydroxybutanoatc  and  ethyl  2-methyl-3-hydroxybutanoate  for  which  the  ramp  was  started 
at  60  °C  and  finished  at  1 10  UC.  To  determine  the  retention  times  for  all  the  optical 
isomers  and  to  standardize  conditions  for  good  resolution,  racemic  mixtures  were  used. 
Methyl  benzoate  was  used  as  an  internal  standard.  For  most  products,  the  different 


alcohol  stereoisomers  were  resolved  under  these  conditions;  however,  ntetht  i 3- 
hydroxybutanoate  and  ethyl  2-cthvl-3-hvdroxvhutanoate  required  prior  acetylation  lor 
good  resolution. 


After  purification  by  flash  chromatography,  reaction  products  were  characterized 
by  optical  rotation.  IR.  GC-MS.  'H  NMR.  and  "C  NMR  when  appropriate.  All  the  [i- 
hydroxyesters  are  known  compounds,  and  the  spectral  data  agreed  with  literature 
reports.43101166  In  the  case  of  ethyl  2-alkyl  3-hydroxy  esters  the  spectral  data  provided 
information  on  the  diasteromcric  purity. 


Methyl  3-hydroxybutanoate 

'H  NMR  (CDCI,.  300  MHz):  84.21  ( IH.  m).  3.72  (3H.  s).  3.12  1 1H.  OH.  si.  2.3*1-2.56 
(2H.  AB  q.  16.2  Hz.  J„t=  4.6  and  8. 1 Hz).  1 .23  (3H.  d,  J = 6.32  Hz). 1 C NMR 
(CDCli.  300  MHz):  8 174.0. 69.56. 51.88. 40.94. 29.61. 9.96. 

Methyl  3-hydroxypentanoate 

'H  NMR  (CDCli,  300  MHz):  8 3.9I(  IH.  m).  3.68  ( IH.  s).  2.32-2.53  (2H.  AB  q.  J;.,„= 
16.3  Hz.  3 vie =3.6  and  8.7  Hz).  1.40-1.60  (2H.  m).  0.94  (3H.  t.  J = 7.48  Hz). 1 ‘C  NMR 
(CDCI,,  300  MHz):  6 173.8. 69.57, 52.0. 40.9. 29.6. 10.1. 

Ethyl  3-hydroxybutanoatc 

'H  NMR  (CDCI),  300  MHz):  8 4.16  (2H.  q.  J = 7.2  Hz).  3.92<  IH.m).  3. 14  ( I H.  OH.  si. 
2.35-2.55  (2H.  AB  q.  1 16.4  Hz.J„c=4.2  and  8.4  Hz).  1.26  (3H.  t.  J = 7.2  Hzi.  1 .2 1 
(3H.  d.  J = 6.3  Hz).  "C  NMR  (CDCI,.  300  MHz):  8 174.0. 60.6. 42.67. 23.16.  14.9.  13.2. 


33  Hz).  IJC  NMR  (CDCli.  300  MHz):  5 173.43.  W.54. 


i).  1.60-1.77  <2H.m).  1.26  (3H.  I.  J=7.18  Hi 


85.7-5.9  I 


4.0  ( IH.  m).  2.30-2.57  (3H.  ml.  1.26  (3H.  t.  J = 7.18  Hzl.  1.20  (3H.  d.  1 = 6.45  Hz  I. ' ‘C 
NMR  (CDCI,.  300  MHz):  8 174.7.  135.7.  134.9.  1 17.4.  1 17.0. 68.1. 63.9. 60.83. 52.4. 


2.68  (3H.m>.  1.96-2.1  (IH.  ml.  l.27(3H.t.J=7.04Hz).  1.21  (3H.d.J=6.45  Hzi.  "C 


NMR  (CDCI,.  300  MHzl:  8 176.58.  173.76. 81.58. 80.91. 70.58.  70.31. 67.77.  67,6. 61.3. 


.2.5 


J=7.40  Hz).  "C  NMR  (CDCI,.  30 


'H  NMR  (CDCI,.  300  MHz):  85.7-5.9  ( IH.ml.  5.07  (2H.  dd.  J,„=  10.2  Hz.  Ji«.  = 15,7 
Hz.  J„t  = 1 .4  Hz).  4. 16  (2H.  q.  J = 7. 18  Hz).  4.0  ( IH.  m).  2.30-2.57  (3H.  m 1. 1 .26 1 3H.  I. 


3 = 7. 1 8 Hz),  1 .20  (3H.  d.  3 = 6.45  Hz). 1 'C  NMR  (CDCl,.  300  MHz):  8 1 74.7.  1 36.0. 

1 17.0. 68.1. 60.8. 52.2.32.1. 20.6.  14 J. 

Eihyl  2(R)-propargyl-3(S)-hydroxybuianoaic 

H NMR  (CDCl,.  300  MHz):  8 4.21  (2H.  q,  3=7.14  Hz).  4.1 1 ( 1H.  m).  2.50-2.70  <3H.  m). 
2.38  ( I H.  OH  d.  J=4.2  Hz).  2.03  ( 1 H.  dd  J=2.44.  3=2.69  Hz).  1 .3  (3H.  L J=7. 14  Hz). 
1.24(3H.  d.  3=6.45  Hz).  "C  NMR  (CDCIj.  300  MHz):  8 173.5. 81.6.  70.3. 67,7. 61,24. 
51.36.  20.7,  17.3.  14.4. 

Eihyl  2(S)-cihyl-3(i  )-hydroxybutanoate 

'H  NMR  (CDCIj.  300  MHz):  8 4.I8I2H.  q.  J=7.I3  Hz).  3.92(  IH.  m).  2.62  ( 1 H_OH).  2.29 
(IH.ni),  1.60-1.78 (2H.m).  1.27  (3H.  I.  J=7.l3  Hz).  1.21  (3H.d.J=6.36Hzl.0.92(3H.l. 
J=7.52  Hz),  IJC  NMR  (CDCIj.  300  MHz):  8 175.74. 68.32. 60.70. 54.5.  22.8.  2 1 .75. 
14.56.  11.9. 

Ethyl  2(S)-allyl-3(  S)-hydroxybulanoaie 

'H  NMR  (CDCl..  300  MHz):  8 5.72  ( IH,m).  5.04  (2H.  dd.  3„=  13.7  Hz.  J,„„.  = 19.5  Hz. 
J™  = 1.71  Hz).  4.15  (2H.  q.  J = 7.08  Hz).  3.9  (1H.  m).  2.72  (1H.  s.  OH).  2.33-2.48  (3H. 
m).  1.25  (3H,l.J  = 7.08  Hz).  1.21  (3H.  d.  J = 6. 1 1 Hz).  IJC  NMR  (CDCl..  300  MHz): 

8 175.0.  135.0.  117.4.68.1.60.8.52.4.33.86,21.6.  14.5. 

Eihyl  2(S)-propargyl-3(5)-hydroxybuianoalc 

'H  NMR  (CDCl,.  300  MHz):  84.21  (2H.  q.  3=7.13  Hz),  4.1 1 ( IH.  m).  2.71  1 1 H.  s.  OH). 
2J7 (3H.  m).  2.03  (IH.  dd.  3=2.5. 3=2.7  Hz)1.28  (3H.  1. 3=7.13  Hz).  1.25  (3H. d. 3=6.36 
Hz).  ”C  NMR  (CDCl,.  300  MHz):  8 173.76. 80.97. 70.58. 67.58.  61.28. 51.1. 2 1.3. 


18.85. 
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